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The transition to flowering is the most dramatic phase change in flowering plants and 
is crucial for reproductive success. Such a transition from vegetative to reproductive 
growth is controlled by seasonal changes in day length. Studies originally performed 
in the 1930s were the first to suggest that day length is perceived by plants’ leaves; by 
contrast, flower formation takes place in the shoot apical meristem (SAM). The term 
“florigen” was later proposed to describe a mobile floral stimulus that moves from 
leaves to the shoot apical meristem to induce flowering. It is only recently that 
FLOWERING LOCUS T (FT) in Arabidopsis, and its orthologs in various other plant 
species, was identified as being florigen, but how florigen is transported in plants 
remains completely unknown. 
 
In this thesis, we reported that an endoplasmic reticulum (ER) membrane protein, 
FT-INTERACTING PROTEIN 1 (FTIP1), is an essential regulator required for FT 
protein transport in Arabidopsis. FTIP1 encodes a multiple C2 domain containing 
protein. Loss of function of FTIP1 exhibits flowering defects only under long days, 
but not short days, suggesting that FTIP1 plays a role in mediating flowering time 
under photoperiod pathway. FTIP1 and FT share similar RNA expression patterns and 
subcellular localization, and they interact specifically in phloem companion cells. 




affecting FT transport through the phloem to the SAM. In addition, ectopic expression 
of FTIP1 specifically deregulates the transport FT:GFP protein out of the phloem 
system, which in turn results in the late flowering.  
 
In summary, our results provide a mechanistic understanding of florigen transport, 
demonstrating that FT moves in a regulated manner, and that FTIP1 mediates FT 
transport to induce flowering. 
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Flowering plants are one of the most successful and diverse groups of organisms on 
the planet. These plants pass genetic information to the next generation through 
producing flowers that contain reproductive organs under favorable environment. 
 
The flowering plants undergo two major transitions during their life cycle. The first 
one is seed germination, which is the switch from embryonic to postembryonic mode 
of growth. After germination, plants grow from the juvenile vegetative phase to the 
adult vegetative phase (Bäurle and Dean, 2006). During the vegetative phase, the 
shoot apical meristem (SAM) generates leaf primodia, which later develop into leaves. 
The floral transition subsequently highlights the most drastic morphological and 
physiological change from vegetative to reproductive growth. During the floral 
transition, the SAM transforms into the inflorescence meristem (IM). The IM will 
further produce floral meristem (Brose et al., 1995) at the peripheral region, which 
subsequently differentiates into various floral organs. 
 
Formation of flowers is the prerequisite for the successful sexual production. At high 
latitude, time of flowering must be synchronized, which ensures that the plants have 
sufficient time for fertilization and seed maturation in the changing seasons. At low 
latitude, the flowering should happen when the condition is most appropriate. 
Synchronization the flowering time within a species is quite important to ensure cross 
pollination, which is the critical process for the genetic diversity of many plants. For 
commercial application, the appropriate time of flowering is crucial for the crop 
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breeding and utilizing plant biomass as a source for renewable energy. 
 
The action of flowering, which is a defined and drastic phase change that flowering 
plants undergo, is coordinated by multiple genetic pathways in response to external 
and internal conditions. Sophisticated and elaborated flowering regulatory networks 
define the plants blooming at the proper time. Genetic analyses of a large number of 
Arabidopsis flowering time mutants have led to a model describing an integrated 
network of flowering pathways. According to environmental and developmental cues 
perceived by plants, these flowering pathways are grouped as the photoperiod, 
autonomous, vernalization, and gibberellin (GA) pathways (Amasino, 2004; Blázquez 
and Weigel, 2000; Boss et al., 2004; Cerdán and Chory, 2003; Hayama and Coupland, 
2003; Simpson and Dean, 2002). The balance of these signals will ensure the 
appropriate time of flowering. 
 
The photoperiodic control of flowering in plants allows plants to adapt to seasonal 
changes in response to day length. Pioneering experiments in 1930s revealed that day 
length is perceived by leaves, and then a mystery signal “florigen” is sent to the SAM, 
where the flower formation takes place (Chailakhyan, 1936). Graft experiments have 
shown that the florigen can move from a flowering donor to a non-flowering receptor 
via the graft union. Furthermore, graft between related species, but a different 
photoperiodic response type supported that this substance is functionally 
exchangeable in different response types and different species (Zeevaart, 1976). Since 
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then, scientists have begun to seek the identity of this mobile floral stimulus and how 
this signal makes its voyage. After decades of efforts, FLOWEING LOCUS T (FT) in 
Arabidopsis and its orthologs in various other plant species were shown to be part of 
the florigen (Corbesier et al., 2007; Jaeger and Wigge, 2007; Lin et al., 2007; Mathieu 
et al., 2007; Tamaki et al., 2007).  
 
In Arabidopsis, FT, which encodes a member of phosphatidylethanolamine-binding 
protein family, acts as an important regulator, which relays signal from photoperiod 
pathway to meristem identity genes to delay flowering (Wigge et al., 2005). 
Arabidopsis is a facultative long day plant, and it flowers earlier in long day 
conditions (LDs) (Lifschitz et al., 2006) than short day conditions (SDs). In LDs, FT 
mRNA expression is activated by its upstream activators, CONSTANS (CO), in 
vascular tissue (An et al., 2004). Coordinated with other upstream regulators, FT 
mRNA shows diurnal pattern, and reaches its abundance at the end of the long day.  
 
FT, a 20KDa protein, synthesizes in the phloem companion cells and transports in 
long distance through the vasculature system to the shoot apex to induce the floral 
transition. FT unloading from the phloem and transport to the shoot apex probably 
involve the cell to cell transport through the plasmodesmata. Specific knockdown FT 
expression in the phloem companion cells using SUCROSE-PROTON SYMPORTER 
2 (SUC2) promoter, but not a meristem specific promoter, delays flowering, 
demonstrating this long distance movement is required for the floral induction 
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(Mathieu et al., 2007). After arriving at the shoot apex, FT forms a protein complex 
with FD, a bZIP transcription factor containing a basic leucine zipper domain, to 
promote the expression of the floral meristem identity gene APETALA 1 (AP1), which 
occurs during the floral bud formation (Abe et al., 2005). However, to the best of our 
knowledge, FT protein has a very low abundance in the Arabidopsis, and cannot be 
detected, so it has been proposed that simple diffusion of FT protein from the 
companion cells into sieve elements may not sufficiently transport FT to the SAM 
(Giakountis and Coupland, 2008). So, it is meaningful to find out potential FT 
transport regulators in the FT transport pathway.  
 
In this study, we show that an endoplasmic reticulum (ER) membrane protein, 
FT-INTERACTING PROTEIN 1 (FTIP1), is required for FT protein transport in 
Arabidopsis. Loss of function of FTIP1 exhibits late flowering under LDs, which is 
partly due to the compromised FT movement to the SAM. FTIP1 and FT have similar 
mRNA expression patterns and subcellular localization, and they interact in vivo in 
phloem companion cells. Furthermore, FTIP1 is required for FT export from 
companion cells to sieve elements, thus affecting FT transport through the phloem to 
the SAM. Our results provide a mechanistic understanding of florigen transport and 
demonstrate that FT protein moves in a regulated manner and that FTIP1 mediates the 
export of FT protein from phloem companion cells. 
 
The subsequent sections will provide an overview of environmental cues that is 
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involved in the flowering time regulation and the genetic pathways that respond to 
these signals.  
 
1.1 The transition to flowering in plants 
 
The regulation of flowering has been studied for more than 100 years in many plant 
species (Kobayashi and Weigel, 2007). The transition of flowering in plant is 
controlled by the external environmental factors, light quantity and quality, day length 
(photoperiod), cold temperature (vernalization), and endogenous factors, including 
internal circadian clock, hormone and plant growth state (autonomous). The plant 
integrates all the information to ensure flowering at the most optimal time. These 
signals induce floral development at the SAM, while the reception of these signals 
seems to be received by different plant organs. Many mutants which alter the 
flowering time had been isolated gradually and were placed in four flowering 












Figure 1.1 Schematic diagram of key regulatory interactions in the leaf and at 
the SAM of Arabidopsis thaliana during the floral transition. 
The photoperiod, gibberellin, vernalization and autonomous pathways initiate the 
flowering transition by inducing the expression of flowering pathway integrators. The 
photoperiod pathway promotes flowering transition in response to day length. 
Vernalization and autonomous pathways enable flowering by repressing the floral 
repressor FLC, which processes involve the PHD finger protein VIN3 and a 
VRN2-containing PRC2 complex. GA pathway uses internal cues to promote 
flowering, particularly under SDs. Light signal is perceived by the leaf. CO 
transcription level is regulated by photoreceptors in conjunction with the circadian 
clock genes. CO protein, which is highly accumulated in the vascular tissues at the 
end of LDs, is quickly degraded in the dark. FT, the major target of CO, is negatively 
regulated by two MADS-box proteins SVP and FLC. Both FT mRNA and protein are 
expressed at the highest level at the end of LDs in the companion cells, and the 
protein transports into the sieve element through the plasmodesmata. After reaching 
the shoot apical meristem, FT protein interacts with FD, a bZIP transcription factor 
and induces AP1 expression. In the shoot apex, SOC1 and AGL24 interact and 
positively regulate each other to active LFY expression. During the floral transition, 
the gradually increased activities of FT and SOC1 promote several floral meristem 
identity genes including LFY, AP1, CAL, FUL, which subsequently specify the floral 







1.2 Floral genetic pathways 
 
1.2.1 The Photoperiod pathways 
 
Arabidopsis is a facultative long day plant that flowers when the length of the day is 
longer than a genetically determined critical night length threshold (Putterill et al., 
2004). It has long been recognized that plants sense the photoperiod change by the 
photoreceptors (phytochromes and cryptochrome) and the components of circadian 
clock genes respectively. Photoreceptors contain phytochromes, which has two 
distinct light absorbing forms that detect red and far-red light, and two UV-A/blue 
light absorbing cryptochromes CRY1 and CRY2. They play an important role to 
sense the day/night period (Lin, 2000; Quail, 2002). Analysis of flowering in 
photoreceptor mutants in response to different light wavelengths indicates that 
photoreceptors play an antagonistic or redundant role in regulating the floral initiation 
of Arabidopsis (Guo et al., 1998; Lin, 2000). The circadian clock genes, which 
contain MYB transcription factors, LATE ELONGATED HYPOCOTYL (LHY) and 
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), and the CCT-domain protein 
TIMING OF CAB EXPRESSION 1 (TOC1), ensue the regulation of flowering by 
photoperiod via daily resetting the circadian clock (Schaffer et al., 1998; Wang and 
Tobin, 1998).  
 
The signal perceived by the photoreceptors and components of the circadian clock 
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ultimately passes towards CO, a transcription factor with two B-box type zinc fingers 
(Koornneef et al., 1991). CO promotes flowering in response to the LDs. co mutants 
exhibit late flowering under LDs, and overexpression of CO shows early flowering 
both in LDs and SDs. CO is expressed in both leaves and stems (An et al., 2004). 
Both the mRNA and protein exhibit circadian clock in LDs. An increasing number of 
factors, such as FLAVIN-BINDING, KELCH REPEAT, AND F-BOX 1 (FKF1), 
GIGANTEA (GI), ELF3, CYCLING DOF FACTOR 1 (CDF1), and RED AND 
FAR-RED INSENSITIVE 2 (RFI2), are found to control the circadian pattern of CO 
mRNA (Chen and Ni, 2006; Fowler et al., 1999; Imaizumi et al., 2003; Imaizumi et 
al., 2005; Suárez-López et al., 2001). CO protein accumulates to the highest level at 
dusk and falls quickly in the dark. Its protein stability is regulated by the light signals 
perceived by the photoreceptors, PhyA, PhyB, Cry1 and Cry2. PhyA and Cry function 
in an antagonistic manner to PhyB. PhyB is required to degrade CO protein early in 
the day, while PhyA and Cry act to stabilize CO protein at dusk (Goto et al., 1991; 
Guo et al., 1998; Johnson et al., 1994; Yanovsky and Kay, 2002). Degradation of CO 
protein also involves SUPPRESSOR OF PHYA-105-1 (SPA1) and its homologs, SPA3 
and SPA4. CO interacts with SPA both in vivo and in vitro. SPA1 acts with an E3 
ubiquitin ligase, CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1), to regulate 
the CO protein stability. SPA transcripts increase during the night phase, at same time 
CO protein is degraded (Laubinger et al., 2006). Thus, CO protein can only 





CO further induces flowering by directly activating its downstream target FT. FT 
transcript level shows the similar pattern with CO, and it has the circadian rhythm 
peak at the 16 hours after dawn. Plants that ectopically express FT show extremely 
early flowering, and can suppress co late flowering phenotype (Kardailsky et al., 
1999). Additionally, FT functions as one of the floral pathway integrators, which are 
believed to integrate multiple flowering pathway signals to promote flowering. 
 
1.2.2 The GA pathways 
 
Gibberellins (GAs) are a large family of tetracyclic diterpenoid plant growth 
hormones. The classical experiments showing GA inducing flowering have been 
taken half century ago (Langridge, 1957). Exogenous application of GA on plants at 
the vegetative phase can trigger flowering both in LDs and SDs (Lang, 1957). In LDs, 
the photoperiod pathway seems to mask the GA effect on flowering time regulation, 
whereas in SDs, GA pathway critically determines the flowering time. Recently, 
mutants identified in GA biosynthesis and signal pathway confirm that GA not only 
promote flowering, but also promote seed germination, stem elongation and leaf 
growth (Olszewski et al., 2002; Wilson et al., 1992). 
 
Mutants that disrupt either the GA biosynthesis or singling pathway can alter the 
flowering time, and several genes that involved in the GA biosynthesis have been 
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identified. ga1-3, a GA deficiency mutant, shows retarded vegetative growth and 
reduced fertility. The ga1-3 mutant shows slightly late flowering in LDs, while in SDs, 
the flowering was totally abolished, unless exogenous application GA (Blázquez and 
Weigel, 1999; Blázquez et al., 1998). GA20-oxidase, an enzyme in the gibberellins 
biosynthesis pathway, is regulated by the external environment (Sasaki et al., 2002). 
Overexpression of GA20-oxidase shows early flowering under both LDs and SDs (Xu 
et al., 1997), demonstrating an indispensable role of GAs in promoting flowering 
particularly under SDs.  
 
GA pathway acts independently of both photoperiod pathway and vernalization to 
activate the expression of flowering integrators and floral meristem identity genes. 
GA promotes flowering possibly through activation LEAFY (LFY) and SUPPRESSOR 
OF OVEREXPRESSION OF CONSTANS 1 (SOC1), which is supported by the fact 
that LFY and SOC1 expression are upregulated upon application of GA or 
overexpression of GA biosynthesis genes (Blázquez et al., 1998; Moon et al., 2003).  
 
1.2.3 Floral pathways that congregate on FLC 
 
Floral transition also controls by the regulation of floral repressors. During the late 
stage of vegetative growth, the activity of the floral repressors decline, and there is a 
progressive activation of floral promoters. Also, the plants perceive and integrate the 
external and endogenous signals, such as vernalization and the developmental stage of 
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the plant, whereby floral transition occurs once a quantitative threshold is reached. 
 
FLOWERING LOCUS T (FLC), a MADS box transcription factor, converges the 
signal from the vernalization and autonomous pathway (Boss et al., 2004; Henderson 
and Dean, 2004). FLC acts as a central floral repressor and high expression level of 
FLC delays flowering by repressing the expression of SOC1, FT and LFY (Hepworth 
et al., 2002; Nilsson et al., 1998; Searle et al., 2006).  
 
1.2.3.1 The vernalization pathway 
 
Beside the light and photoperiod, temperature is a major pathway that determines the 
flowering time. The vernalization treatment is the process that triggers the floral 
transition required a prolonged cold period (Deng et al., 2011). This mechanism could 
explain the various flowering response in natural accession in Arabidopsis. Genetic 
analysis various Arabidopsis accessions, which exhibit rapidly cycling or winter 
annual growth, reveals that allelic variation at FRIGIDA (FRI) and FLC loci is the 
major determination of flowering time in different Arabidopsis accessions. Active 
form of FRI is required for high level of FLC (Johanson et al., 2000). Long period 
exposure to the low temperature reduces the FRI mediated activation of FLC mRNA, 
so the plants flower early (Michaels and Amasino, 1999; Sheldon et al., 1999). In the 
Arabidopsis accession Landsberg erecta (Ler) and Columbia (Col), which are 
commonly used for laboratory, the FRI alleles is inactive, so the plants exhibit early 
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flowering and do not require vernalization treatment for flowering (Johanson et al., 
2000). 
 
FLC repress flowering through directly suppressing certain flowering time genes. 
FLC is shown to form a protein complex with SHORT VEGETATIVE PHASE (SVP) 
and repress the expression of SOC1 and FT by directly binding to the CArG box on 
their respective chromatin (Helliwell et al., 2006; Li et al., 2008). 
 
Vernalization reduces FLC expression via altering the histone methylation status of 
the FLC promoter or controlling the chromatin structure (Amasino, 2005). The effect 
of veranalization is stable during the mitosis, but cannot pass to its offspring. 
VERNALIZATION1 (VRN1) and VERNALIZATION2 (VRN2) act to maintain the 
repression of FLC after vernalization treatment (Levy et al., 2002; Sung and Amasino, 
2004). In wild type plants, the FLC expression is stably suppressed after cold 
treatment, while in vrn1 and vrn2 mutants, FLC expression increased once the plants 
move from warm to cold temperature. VRN1 and VRN2 are similar to the Polycomb 
group genes, which are supposed to repress the transcription by altered chromatin 
structures. These two genes maintain the epigenetic repression state of FLC (Bastow 
et al., 2004; Gendall et al., 2001; Levy et al., 2002). VERNALIZATION 
INSENSITIVE 3 (VIN3) is another protein that is essential for FLC regulation. VIN3 
encodes a PHD finger protein, and its expression is initiated during a prolonged cold 
treatment. VIN3 is responsible for the initial repression of FLC during the cold 
Literature Review 
15 
treatment, because in the vin3 mutant, FLC repression does not occur (Bond et al., 
2009; Sung and Amasino, 2004). 
 
Apart from the polycomb repressive complex (PRC) protein, a long intronic 
noncoding RNA, named COLD ASSISTED NONCODING RNA (COLDAIR), is 
required for the vernalization mediated repression of FLC. COLDAIR physically 
interacts with the PRC2 component CURLY LEAF (CLF), and targets it to the FLC 
chromatin (Heo and Sung, 2011).  
 
1.2.3.2 The autonomous pathway 
 
Autonomous pathway monitors the endogenous developmental stage to control the 
floral transition. This pathway acts independent of the environmental signal. The 
mutants in this pathway show late flowering in both LDs and SDs, and the phenotype 
can be rescued by the vernalization treatment. The seven genes in this pathway, FCA, 
FLOWERING LOCUS D (FLD), FLOWERING LOCUS K (FLK), FPA, FY, 
LUMINIDEPENDENS (LD) and FVE，repress FLC mRNA level and result in late 
flowering (Simpson, 2004). The FLC expression is high in the autonomous pathway 
mutants. FLC loss of function allele suppresses the late flowering phenotype of the 
autonomous pathway mutants, demonstrating these genes regulate flowering time 




Several lines of evidence have demonstrated that the autonomous pathway mutants do 
not regulate each other, but they all regulate FLC transcript through different 
mechanisms. Among the seven genes have been identified, five of them, including 
FCA, FY, FPA, FLK and LD encode RNA processing factors, and inactive FLC 
through RNA processing. The other two genes FVE and FLD regulate FLC through 
histone deacetylation (Ausín et al., 2004; Chou and Yang, 1998; Lee et al., 1994; 
Macknight et al., 1997; Schomburg et al., 2001; Simpson et al., 2003). Multiple 
distinct factors are recruited to repress FLC expression, which ensure plants flower at 
the appropriate time.  
 
1.2.4 The thermosensory pathway 
 
Apart from the classical flowering pathways, the ambient temperature, which is 
strongly affected by the changing environment, also affects the flowering time. It has 
been demonstrated that a mild increased growth temperature, from 23C to 27C, 
induce flowering of Arabidopsis in SDs, and the efficiency is almost equivalent to 
transferring to 23C LDs (Balasubramanian et al., 2006). It is deemed that high 
temperature could substitute the function of LDs.  
 
Several mutants show a temperature dependent flowering time phenotype. phyB 
mutants flower early at 23C but not in 16C (Halliday et al., 2003). The mutant of 
FHA, encoding the CRY2 blue light receptor, shows exaggerated delay in flowering in 
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16C compared with 23C, whereas PHYA activity is decreased in the low 
temperature (Blázquez et al., 2003). Two components in the autonomous pathway, 
FCA and FVE, previously were thought to act as the regulators of floral repressor 
FLC independent of environment, are involved in temperature-dependent flowering 
time control (Blázquez et al., 2003). FCA and FVE regulate flowering time in 
response to temperature changes through FLC-independent pathway, indicating the 
separating roles of FCA and FVE in temperature dependent and independent 
flowering time control. FLC loss of function mutants show obvious response to the 
elevated temperature, demonstrating FLC plays an important role in suppressing the 
thermal regulation of flowering time. FLOWERING LOCUS M (FLM), another 
MADS box protein, shows strong sequence similarities with FLC. FLM acts as an 
inhibitor of flowering in Arabidopsis, but the effect is greatly masked at 27C, 
suggesting that FLM also participates in the thermosensory pathway 
(Balasubramanian et al., 2006). Microarray data shows that FLM shows the 
temperature-dependent alternative splicing, suggesting that splicing isoform is another 
mechanism for flowering regulation (Balasubramanian et al., 2006). In addition to 
above components, SVP is another regulator of flowering in response to ambient 
temperature. SVP acts as a floral repressor, and directly binds to the CArG motifs on 
the FT and SOC1 promoters. The loss of function of SVP causes insensitivity to 
ambient temperature, through mediating the temperature dependent functions of FCA 




The signals perceived by the flowering pathway ultimately pass to FT and SOC1. 
Downregulation of FT is supposed to be an important cause for the delay flowering at 
16C, because the FT expression is largely decreased in the cold temperature, whereas 
SOC1 expression is only slightly altered. The plants with constitutive expression of 
FT greatly attenuates the response to the ambient temperature, but weak 
responsiveness for the SOC1 overexpression lines (Blázquez et al., 2003). The major 
pathway for the FT induction, photoperiod pathway, is not required for the thermal 
acceleration of flowering. Recently, researchers have found that PHYTOCHROME 
INTERACTION FACTOR4 (PIF4), a bHLH transcription factor, directly promote FT 
expression in a temperature dependent manor, which process is independent of CO 
(Kumar et al., 2012). Temperature alone is able to exert a specific and precise 
regulation of the PIF4 activity, further affects the binding affinity of PIF4 on the FT 
promoter region. 
 
Although lots of genes have been shown to be involved in the flowering time in 
response to the ambient temperature, the mechanism how plants detect and response 
to the surrounding environment is still a mystery. The expression of HEAT SHOCK 
PROTEIN 70 (HSP70) is shown to be highly correlated with the ambient temperature 
(Balasubramanian et al., 2006). The genetic screening was performed to identify the 
factors involved in the temperature reception, and ACTIN RELATED PROTEIN 6 
(ARP6) was identified during this process (Kumar and Wigge, 2010). ARP6, a nuclear 
protein, is part of the SWR1 chromatin remodeling complex and introduces histone 
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H2A.Z rather than H2A into the nucleosomes. At lower temperature, H2A.Z 
nucleosomes have a high level of occupancy and wrap the DNA more tightly than 
their H2A counterparts. These changes further prevent the gene transcription or 
prevent the binding of the repressors. At high temperature, the H2A.Z nucleosome 
occupancy declines, which triggers the expression of genes involved in the 
thermosensory pathway. This process provides a possible mechanism for the 
temperature-dependent gene regulation (Kumar and Wigge, 2010).  
 
1.2.5 The floral pathway integrators 
 
The external and internal signals that perceived by the plants are then converged on a 
group of genes, called floral pathway integrators (Parcy, 2005; Simpson and Dean, 
2002), which generate the heterogeneous input to induce the floral meristem identity 
(FMI) genes, thereby initiate FM from IM (Figure 1.2). Regulation of the flowering 
pathway integrators are involved in a complexity network, including the promoting 
the upstream activators or the progressively limiting the activity of the repressors. So 
far, there are three main genes that integrate the influence from different pathways, 
comprising FT, SOC1 and LFY (Hayama and Coupland, 2003). 
 
The FT gene was isolated from early flowering activation tagging or the late 
flowering T-DNA insertion mutants (Kardailsky et al., 1999; Kobayashi et al., 1999). 
FT encodes a protein that belongs to the phosphatidylethanolamine binding protein 
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and Raf kinase inhibitors in animal. In the LDs, the expression of FT is activate by 
CO. Overexpression of FT exhibits extremely early flowering, and is sufficient to 
rescue the late flowering phenotype of co mutant, meaning that FT acts downstream 
of CO. While the ft mutant displays late flowering in LDs, and its flowering time is 
only mildly affected in SDs, indicating that FT belongs to the photoperiod pathway 
(Koornneef et al., 1991). FT expression is also repressed by FLC, a central floral 
repressor that integrates signal from the vernalization and autonomous pathway, 
through directly binds to the first intron of FT (Helliwell et al., 2006). The FT 
expression is induced in the leaves vascular tissue. The FT protein, defined as the long 
distance mobile signal, then move from leaves to the SAM to induce the floral 
transition (Li et al., 2008).  
 
SOC1, which encodes a MADS box transcription factor, is mainly expressed in the 
developing leaves and shoot apex. The soc1 mutant exhibits late flowering, while 
overexpression of SOC1 accelerates the floral transition in Arabidopsis (Borner et al., 
2000; Lee et al., 2000; Samach et al., 2000). Compared with FT, the expression of 
SOC1 is regulated by a broader range of signals, mainly converged from the 
photoperiod, vernalization and GA pathways. SOC1 expression is activated by CO in 
the LDs and is repressed by FLC by directly binding to its promoter region (Hepworth 
et al., 2002). In the SDs, GA pathway plays a dominant role to induce SOC1 
expression (Moon et al., 2003). SVP, another central repressor, integrates the signal 
from the autonomous, GA and thermosensory pathway. It forms a floral repression 
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complex with FLC, and can directly repress SOC1 expression in the shoot apex and 
leaf, by (Li et al., 2008).  
 
LFY gene plays an important role in the flower development. It is the third floral 
pathway integrators, and is also involved in the FMI and floral organ patterning. It is 
first detected in young leaf promordia, and its expression increases to maximum in 
young floral promordia (Blázquez et al., 1997). The plants with constitutive 
expression of LFY flower early, and the lfy mutant increases the cauline leaves number, 
and transforms the later arising flower into the inflorescence shoot (Weigel et al., 
1992). LFY expression is affected by the signal from photoperiod, GA, autonomous 
and vernalization pathway. In photoperiod pathway, LFY expression is triggered by 
SOC1 and AGL17, which is mediated in a FT-independent manner (Han et al., 2008; 
Liu et al., 2008). Upregulation of LFY expression by the GA pathway is mediated 
through directly binding of AtMYB33 at the cis-element of the LFY promoter, and is 
partly activated by SOC1 (Blázquez and Weigel, 2000; Blázquez et al., 1998). In 
vernalization pathway, LFY is activated by AGL19, with relieving the PcG repression 
through the process that requires VIN3 but not VRN2 (Schönrock et al., 2006).  
 
SOC1, FT and LFY have the overlapping and independent function in determining the 
flowering time. The soc1 ft lfy triple mutant did not completely block the flowering 




AGAMOUS-LIKE 24 (AGL24), which is specifically expressed in the SAM, is a 
dosage-dependent flowering promoter in Arabidopsis (Yu et al., 2002). AGL24 
expression is gradually increased during the floral transition and later located in the 
whole region of both inflorescence and floral meristem. AGL24 loss of function 
mutant shows late flowering, and the expression level of AGL24 highly correlated 
with the flowering time (Michaels et al., 2003; Yu et al., 2002). AGL24 transcript is 
regulated by the photoperiod, GA and FLC-independent vernalization pathway. In the 
SAM, AGL24 and SOC1 are able to mutually activate, suggesting a positive feed-back 
loop conferred by direct transcriptional regulation between AGL24 and SOC1 at the 
shoot apex during the floral transition (Liu et al., 2008). In the shoot apical region, 
SOC1 translocates to the nucleus by interacting with AGL24, and forms a heterodimer 
to directly regulate LFY expression (Lee et al., 2008).  
 
TWIN SISTR OF FT (TSF), the closest homolog of FT with high similarity in protein 
sequence, is another potential floral pathway integrator. TSF loss of function mutant 
does not show obvious flowering time change in LDs, but greatly enhances the ft 
mutant phenotype in both LDs and SDs. TSF overexpression line shows a precocious 
flowering phenotype independent of photoperiods (Mathieu et al., 2007). The mRNA 
level of TSF shows similar diurnal pattern with FT and response to the signal from 
several flowering pathways. In the photoperiod pathway, the expression of TSF is 
induced immediately upon transferring from SDs to LDs, the same as FT. The 
expression of TSF is activated by CO in a circadian clock pattern, and in turn 
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regulates SOC1 expression. In the vernalization and autonomous pathway, TSF and 
FT share the similar mode of regulation, and are repressed by FLC (Michaels et al., 
2005). Although having similar function, the expression of the two genes does not 
seem to overlap in the young seedlings. In the young seedlings, the expression of 
gTSF:GUS is observed in the vascular tissues of hypocotyls and petiole, the region 
near the SAM and the basal part of cotyledons. Cross section of hypocotyls show the 
staining in the phloem parenchyma (Yamaguchi et al., 2005a). While, pFT:GUS is 
mainly expressed in the phloem tissues within the apical part of cotyledons and leaves 









Figure 1.2 The floral pathway integrators combine inputs from different 
flowering cascades. 
The floral pathway integrators, including FT, SOC1 and LFY, perceive environmental 
and endogenous signals from different flowering pathways. During the floral 
transition, the SOC1 expression is activated by FT, which perceived the signal from 
the photoperiod and thermosensory pathway; while the protein complex of FLC and 
SVP represses the expression of FT and SOC1, which is regulated by the vernalization, 
autonomous, and thermosensory pathway. In the shoot apex, SOC1 and AGL24 





1.2.6 The floral meristem identity genes 
 
After the floral transition, the first step in flower development is transition of IM into 
FM. This process is tightly controlled by the FMI genes, which is activated by the 
floral pathway integrators. Each of the FM will later differentiate into the flower 
consisting of four organ types. There are four major regulators that specify the FM 
identity on the flank of the IM, including LFY, AP1, CAULIFLOWER (CAL), 
TERMINAL FLOWER 1 (TFL1) (Bowman et al., 1993; Kempin et al., 1995; Mandel 
and Yanofsky, 1995; Weigel et al., 1992). 
 
Apart from the function in flowering time, LFY also acts in regulation of flower 
meristem identity and floral organ patterning (Blázquez et al., 1997; Parcy et al., 
1998). LFY is expressed in the floral meristem at the very early stage of floral 
development, consistent with its role in initiation of floral meristem (Blázquez et al., 
1997). The lfy mutant displays the conversion from the flower into the inflorescence 
shoot, while the overexpression of LFY results in the early flowering and the shoot to 
flower conversion (Weigel and Nilsson, 1995; Weigel et al., 1992). The closely 
related MADS-box genes, FRUITFUL (FUL), AP1 and CAL, play the potential 
activator of LFY, and redundantly regulate the identity of FM (Ferrándiz et al., 2000). 
The ful ap1 cal triple mutant displays dramatic non-flower phenotype, which the 
plants continuously generate shoots instead of flowers, due to the lack of the 
upregulation of LFY expression and the ectopic expression of TFL1 (Ferrándiz et al., 
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2000). SOC1 and FUL also function redundantly to affect determinacy of the 
meristem, and these two genes display the similar expression pattern in both IM and 
FM. The soc1 ful double mutant shows much late flowering phenotype in LDs, and 
converts the apical IM back into the vegetative SAM after plants have entered the 
reproductive phase (Melzer et al., 2008), indicating the role in meristem determinacy, 
possibly by modulating the LFY expression.  
 
AP1 is another FMI gene, which is expressed from the emergence FM to petal and 
sepal promordia during the flower development. The ap1 mutant causes the partial 
conversion from the flower into inflorescence. AP1 and LFY mutually reinforce each 
other, based on the fact that ap1 lfy double mutants display much more enhanced 
phenotype (Bowman et al., 1993). During the floral transition, AP1 expression is 
activated by LFY and FT-FD protein complex (Wagner et al., 1999; Wigge et al., 
2005). CAL is a closely related homolog of AP1, with 76% amino acid sequence 
identity (Kempin et al., 1995). Genetic analysis shows that AP1 and CAL function 
redundantly in forming the FM, because ap1 cal double mutants completely transform 
FM into IM (Bowman et al., 1993).   
 
TFL1 is a key signaling protein that controls the shoot meristem identity during the 
life time of the plant. It functions antagonistic to AP1 and LFY, and is required for the 
maintenance of the FMI (Liljegren et al., 1999; Ratcliffe et al., 1999). During the 
vegetative phase, TFL1 expression level is low, but gradually enhanced during the 
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floral transition. During the IM development, TFL1 is expressed in the centre of the 
apex, while FMI genes are strongly expressed on the periphery, consistent with the 
fact that LFY, AP1 and CAL prevent the transcription of TFL1 in the FM, and in turn, 
TFL1 inhibits the activity of FMI genes in the center of the shoot apex (Bradley et al., 
1996; Kempin et al., 1995; Mandel et al., 1992; Weigel et al., 1992). The feedback 
regulation loop between the TFL1 and FMI gene is essential for the maintenance of 
the indeterminate state of the apical meristem, and the formation of the determinated 
FM on its flank. In the tfl1 mutant, the plants undergo short vegetative phase, with 
less rosette leaves. Also, the shoot meristem converts into a terminal flowering in the 
tfl1 mutant (Ratcliffe et al., 1999). TFL1 mRNA is broadly distributed in young 
axillary shoot meristems but later limited to the inner region of the meristem, which 
means TFL1 functions beyond its expression region and acts as a mobile signal to 
coordinate shoot meristem identity (Conti and Bradley, 2007). 
 
1.3 Function of FLOWERING LOCUS T (FT) in plants 
 
1.3.1 FT acts as the part of the long sought florigen 
 
The relative length of day and is perceived by leaves (Garner and Allard, 1920). How 
plants transport such signal to the SAM and trigger FM formation have fascinated 
biologists for a long time. It has long been hypothesized that there must be a 
substance called florigen that is synthesized in the leaves but function in the shoot 
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meristem. Evidence supporting the existence of florigen did not appear until the 
identification of leaves as the tissues mediating photoperiodism, which is the response 
of an organism to the photoperiod change. Graft experiments have shown that certain 
substance can move from a flowering donor to a non-flowering receptor via the graft 
union. Graft between related species, but of a different photoperiodic response type 
supports that this substance is functionally exchangeable in different response types 
(Kulkarni, 1989).  
 
CO and FT, which are involved in the photoperiod response, are deemed as potential 
candidates for florigen. However, in the young seeding stage, CO is detected in 
various tissues, and specific expression of CO in the SAM does not induce early 
flowering (An et al., 2004). While, when CO is expressed using the promoter that is 
specific to the companion cells of the smallest veins of mature leaves, it is sufficient 
to accelerate flowering under LDs. At the same time, the signal derived by CO is able 
to substitute for photoperiod in initiating a mobile flowering signal (Ayre and Turgeon, 
2004). Overall, parallel results demonstrate that CO regulates the production of the 
mobile flowering signal, but not acts as the florigen. 
 
FT acts as the downstream target of CO in Arabidopsis. In contrast to CO, the plants 
with both constitute expression of FT and meristem specific expression of FT driven 
by KNOTTED1-LIKE FROM ARABIDOPSIS THALIANA 1 (KNAT1) promoter lead to 
early flowering, indicating that signals in the leaves are not necessary to trigger early 
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flowering (Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007). It 
has been hypothesized that FT could be the mobile signal or FT can induce a small 
mobile substance to promote flowering. 
 
1.3.2 Spatial and temporal expression of FT  
 
As ft mutants predominantly delay flowering in LDs but not SDs, it is thought that FT 
regulates flowering time in response to day length. Expression analysis reveals that 
FT expression is much higher in LDs, but with barely expression in SDs. FT mRNA 
accumulation is immediately affected by day length. FT expression rises starting from 
the first LD after shift from SDs in a CO-dependent manner (Corbesier et al., 2007). 
FT transcription level is regulated by the circadian clock, with the peak expression in 
the evening (ZT16) (Harmer et al., 2000; Suárez-López et al., 2001). 
 
Promoter fusion GUS reporter lines show that FT gene is transcribed in the phloem 
companion cells of the minor vein in the distal portion of the mature leaves (Takada 
and Goto, 2003). FT is expressed in the leaf phloem, which raises the question how 
leaf expressed FT induce flowering in the shoot apex. 
 
1.3.3 FT protein moves from leaves to shoot apex 
 
The phenomenon that light induces FT in the leaves, but functions at the shoot apex, 
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suggests that the mRNA or protein transport from leaves to shoot apex. It was 
reported that FT mRNA moves from the leaves to shoot apices and induces flowering 
in Arabidopsis, although this study did not rule out the possibility of the FT protein 
transport (Huang et al., 2005). Contrasting data from grafting experiments in tomato 
showed that FT ortholog, which is expressed in the leaves, could induce flowering in 
the shoot meristem, but the FT transcripts could not be detected in the meristem 
(Lifschitz et al., 2006). In Arabidopsis, when FT protein coupled with green 
fluorescence protein (GFP) is expressed under SUC2 promoter, the FT mRNA is 
detected in the leaves by in situ hybridization but not in the meristem. Instead, 
FT:GFP protein acts as a long distance movement signal, and non-cell-autonomously 
induce flowering (Corbesier et al., 2007). The protein encoded by Heading date 3a 
(Hd3a), a homolog of FT in rice, has also been suggested to be the same activity 
(Tamaki et al., 2007). 
 
Another result supporting FT protein rather than its mRNA acts as a florigen comes 
from a FT knock-down experiment using artificial microRNAs. Only amiR-FT under 
the control of the companion cell-specific SUC2 promoter, but not the shoot 
meristem-specific FD promoter, significantly delays flowering time (Mathieu et al., 
2007). This demonstrates that FT mRNA in the phloem is required for the induction 
of flowering, but not at the apical meristem. FT protein does not contain a nuclear 
localization signal, and is uniformly distributed in the cytoplasm and nucleus (Abe et 
al., 2005). Coupling FT protein with a constitutive SV40 NLS (Nuclear Localization 
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Signal), which deprives the intercellular trafficking without interfering the biological 
character of FT protein, does not promote flowering under the SUC2 promoter, 
suggesting that FT protein acts as a long-range signal (Jaeger and Wigge, 2007). This 
finding also indicates that it is the FT protein rather than the mRNA that acts as the 
long distance signal.  
 
FT-GFP fusion protein encoded by its mRNA that is expressed in the companion cell 
is detectable in the meristem, and this movement appears to be mediated via the 
phloem stream. Plasmodesmata, the channels between two neighbor cells, facilitate 
the movement of macromolecules between companion cells and the sieve elements. 
FT expression driven by the GALACTINOL SYNTHASE (GAS1) promoter, which 
confers specific gene expression in companion cells of the minor veins in leaves, 
induces early flowering. However, under such a condition, FT-GFP fusion protein, 
which is the doubles size of FT protein, does not complement ft mutants phenotype, 
although GFP fluorescence can be observed in the minor veins of leaves (Corbesier et 
al., 2007). In addition, translational fusion of FT with three yellow fluorescence  
proteins (YFP) from the SUC2 promoter does not complement ft mutants phenotype. 
In this particular experiments, FT protein is separated from the YFP protein by a 
tobacco etch virus (TEV) cleavage sequence. Releasing the FT protein from its larger 
precursor using the TEV protease causes early flowering (Mathieu et al., 2007). It 
demonstrates that the activity of FT:GFP in the companion cells is not sufficient to 





After arriving at the shoot apex, FT protein unloads from the vascular tissue and 
further moves to the meristem region through the plasmodesmata. In the shoot 
meristem, FT forms a protein complex with FD, a bZIP transcription factor containing 
a basic leucine zipper domain (Abe et al., 2005). FT does not provide with the 
regional specificity for flowering induction, since it has a long distance transport in 
plant tissue. The positional information is provided by the meristem specific 
expressed FD. FD expression is mainly expressed in the shoot apex, largely 
independent of inductive photoperiods, and does not show distinct circadian 
oscillation. Under both LDs and SDs, FD transcript level increases with the time after 
germination (Abe et al., 2005). The FT-FD complex further directly activates the 
expression of AP1, which process initiates the formation of the FMs at the flank of the 
SAM (Abe et al., 2005; Wigge et al., 2005).  
 
Recently publication in Nature, Taoka and his colleagues solved the structure of the 
FT-FD complex in rice, and they found that these two protein are bridged by a 14-3-3 
protein in the apical cells of shoots (Taoka et al., 2011). They had proved that FT 
protein first interacts with 14-3-3 protein, and then the protein complex translocates to 
the nucleus and binds with FD in nucleus. The resultant florigen activation complex 
(FAC) binds to the DNA, and induces the transcription of floral meristem identity 
gene, triggering the formation of floral organ (Taoka et al., 2011). During these 
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processes, 14-3-3 proteins act as intracellular receptors for florigen in shoot apical 
cell.  
 
1.3.4 FT regulation network 
 
FT transcript is governed by the balance of the floral repressors and promoters to 
ensure correct reproductive time (Figure 1.3). FT is the major early target of CO, 
which has been proved individually by a 35S::CO:GR steroid-inducible system 
treatment with DEX and whole genome wide analyses with the co loss of function 
mutant (Samach et al., 2000; Wigge et al., 2005). As CO protein does not contain a 
typical DNA binding domain, its binding to FT promoter needs to facilitate by other 
transcription factors. Recent report showed that CO physically interacts with AtHAP3 
and AtHAP5 in vitro and in vivo. CO might replace AtHAP2 to form 
CO/AtHAP3/AtHAP5 heterotrimeric CCAAT-binding complex, and is further 
recruited to FT promoter (Wenkel et al., 2006). Overexpression AtHAP2 or AtHAP3 
might disrupt the CO/AtHAP3/AtHAP5 complex to reduce FT expression, as 
overexpression of either AtHAP2 or AtHAP3 displays late flowering phenotype 
(Wenkel et al., 2006). Apart from the HAP proteins, CO also has been shown to 
interact with other classes of regulation protein including Nuclear Factor-Y (NF-Y) 
transcription factor and TGACG Motif-Binding Factor 4 (TGA4) (Kumimoto et al., 
2010; Song et al., 2008). This group of regulators forms a transcription complex with 
CO, and recruits CO to DNA. CO is also shown to have the transcriptional activation 
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potential and directly bind to FT promoter via a sequence element containing a 
consensus TGTG(N2-3)ATG motif (Tiwari et al., 2010).  
 
FT transcription is also regulated by other factors, which ensures the floral transition 
at an appropriate time in response to various environmental and endogenous signals. 
FLC, a MADS box transcription factor, is the direct repressor of FT, through binding 
to the CArG-box motifs in the first intron of FT (Searle et al., 2006). FLC is partly 
dependent on SVP, another MADS box protein which integrates the signal from the 
autonomous, thermosensory and gibberellin pathways. SVP consistently interacts with 
FLC during the vegetative phase, and they are mutually dependent to repress the FT 
transcription (Wigge et al., 2005).  
 
A group of APETALA2 (AP2)-like genes, including TARGET OF EAT1 (TOE1), TOE2, 
TOE3, SCHLAFMUTZE (SMZ) and SCHNARCHZAPFEN (SNZ), which are 
negatively regulated by miRNA172, regulate FT expression (Aukerman and Sakai, 
2003; Schmid et al., 2003). The expression of the six genes is dependent on GI but 
does not required CO. Overexpression of these miRNA172 target genes leads to late 
flowering phenotype, while overexpression of miRNA172 promotes flowering in a 
FT-dependent manner. The expression of these AP2-like genes is decreased during the 
floral transition, while miRNA172 expression is increased. toe1 loss of function 
mutants show a mild early flowering phenotype, and the effect is further enhanced in 
toe1 toe2 double mutant, suggesting the functional redundancy among the miRNA172 
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targets (Jung et al., 2007). SMZ binding sites have been identified at the genome level, 
and SMZ directly regulates not only FT, but also other flowering time regulators 
acting upstream and downstream of FT (Mathieu et al., 2009). GI is also capable of 
directly activating FT expression without inducing the expression of CO, and could 
interact with several known FT repressors (Sawa and Kay, 2011).  
 
TEMPRANILLO genes (TEM1 and TEM2), belonging to the RAV subfamily 
transcription factors, contain two DNA-binding domains, an AP2/ERF and a B3 
DNA-binding domain (Castillejo and Pelaz, 2008). TEM1 and TEM2 act redundantly 
to regulate flowering time. Neither of the single mutants shows flowering phenotype, 
but RNAi-mediated simultaneous knockdown of both genes induces early flowering. 
TEM genes complete with CO to regulate FT expression by directly binding to 
5’-untranslational region of the FT promoter (Castillejo and Pelaz, 2008).  
 
Light quality also regulates the flowering transition. In Arabidopsis, a blue/UV-A 
photoreceptor CRY2 and a red/far-red photoreceptor PHYB are two major 
photoreceptors that control flowering time. Tissue specific expressing the PHYB-GFP 
fusion protein in the mesophyll cells affects flowering, through suppressing the FT 
expression, while, PHYB-GFP in the vascular bundles does not take any action (Endo 
et al., 2005). So, an intertissue signals from mesophyll to vascular bundles regulated 
by PHYB is a critical factor in controlling flowering time. In contrast, CRY2-GFP is 
expressed in the vascular bundles, cell-autonomously regulates FT expression (Endo 
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et al., 2007).  
 
Chromatin-associated protein complexes regulate FT transcription in another way. 
Loss of function of LIKE HETEROCHROMATIN PROTEIN1 (LHP1), also known as 
TFL2, causes ectopic expression of FT in a day length independent manner (Takada 
and Goto, 2003). TFL2 encodes a protein with homolog to HETEROCHROMATIN 
PROTEIN 1 (HP1) of animal, and is involved in the regulation of genes in the 
euchromatin state (Kotake et al., 2003). Polycomb group (PcG) proteins are 
evolutionarily conserved in animals and plants, and play a critical role in regulating 
the gene expression during the developmental process. Histone H3 lysine 4 
trimethylation (H3K4me3) is performed by the Ploycomb Repressive Complex 2 
(PRC2), and the PRC2 further recruits PRC1, which contributes to the repression of 
the target genes (Farrona et al., 2008; Luo et al., 2009; Schatlowski et al., 2008; 
Simon and Kingston, 2009). In Arabidopsis, the PRC2 subunits CLF and 
FERTILIZATION INDEPENDENT ENDOSPERM (FIE) strongly repress FT 
expression, and meditate the deposition of H3K27me3 into FT chromatin (Jiang et al., 
2008). LHP1 and H3K27me3 histone marks also distribute widely over the FT 
chromatin, indicating this gene is tightly regulated by the PcG pathway, possibly 
dynamically changing the chromatin status to facilitate the accessibility of other 






Figure 1.3 A balance of repressors and activators governs FT expression during 
the floral transition. 
The FT mRNA is policed by intricate gene regulation network. Black arrows indicate 




1.3.5 FT functions besides flowering in Arabidopsis 
 
FT is not only essential for flowering, but is also involved in other developmental 
processes. Through screening the suppressor of a closed stomata phenotype of the 
phot1 phot2 double mutant, FT is identified to regulate stomatal opening (Kinoshita et 
al., 2011). FT is expressed in guard cells, and transgenic plants with overexpressed FT 
shows open stomata, whereas the loss of function allele, ft-1, results in the reduced 
aperture and no blue light activation of the H
+
-ATPase (Kinoshita et al., 2011). This 
indicates that FT might be involved in the circadian and photoperiodic regulation of 
stomatal sensitivity to blue light.  
 
The flowering time genes, SVP, SOC1 and AGL24, prevent the premature 
differentiation of floral meristem, and regulate the floral patterning (Liu et al., 2009). 
FT, as the another flowering time gene, is also involved in the floral patterning (Xi 
and Yu, 2009). Alleviation of floral defect in soc1-2 agl24-1 svp-41 ft-1 is found 
compared to soc1-2 agl24-1 svp-41, which is consistent with the previous observation 
that the photoperiod regulates the FM development (Jeong and Clark, 2005). In terms 
of meristem activity, ft or fd mutants further enhance the floral and coflorescence 
specification phenotypes of stm-10. In stm-10, the ectopic expression of FT and FD 
promote the formation of axillary meristem during the inflorescence development. So, 
STM functions with FT-FD complex to promote the formation of the coflorescence 




Recently, FT paralog is shown to regulate plant organ formation. Expression of the 
Hd3a gene could induce the strict SDs potato types to tuberize in LDs (Navarro et al., 
2011). In potato, the floral and tuberization transition are tightly controlled by two 
different FT-like genes, StSP3D and StSP6A. This long distance signal can pass the 
graft junction to the non-induced potato stocks and induce the tuberization of stock 
plants.  
 
1.4 Translocation in the phloem 
 
In response to the environmental pressure, the plants lead to larger size and develop 
roots and leaves. The leaves, which expose to the air, can absorb the light and 
generate the photosynthesis products. The roots, in the ground, can absorb water and 
nutrition. The root and leaf systems separate from each other and this division of work 
results in the requirement of transport the nutrients from sources (region of excess 
carbohydrates, primarily mature leaves) to sinks (regions where the carbohydrate is 
needed). Evolution of vascular tissues solves the problem of long-distance transport. 
The vascular tissue allows the root and leaf tissue efficiently exchanges the long 
distance assimilation and signal. FT, as an important flowering time regulator, 
synthesizes in the phloem companion cells of the mature leaves. Long distance 
movement of FT protein from leaves to the shoot apex through the phloem system 




Vascular tissue evolves into two different systems with distinct function. The xylem 
transports water and mineral from the root system to the air part, while the phloem 
tissue aids in transporting the photosynthesis product from the mature leaves to the 
growth and storage tissues, including root.  
 
1.4.1 Pathways of translocation 
 
The vascular tissue system contains two long distance transport pathways extend 
though the whole plant body, including xylem and phloem (Figure 1.4 A and B). 
Morphologically, the phloem is generally found on the outer side of the vascular 
tissue. The xylem comprises network of channels which consist of dead cells. It 
transports water and soluble mineral nutrients from the roots through the plant, 
sometimes replaces the water loss during the transpiration. The transport of the 
organic nutrients from the source tissue (e.g., photosynthesizing leaves) to sink tissue 
(e.g., emerging leaves, flowering, growing root, seeds) largely dependents on the 
phloem.  
 
The phloem tissue mainly contains two cell types: companion cell (CC) (Boguski and 
McCormick) and sieve element (SE), both of which are derived from the unequal 
longitudinal division of a single mother cell (Esau, 1969; Oparka and Turgeon, 1999). 
Mature SEs are enucleated, highly differentiated cells, which directly involved in the 
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translocation of the sugar and other organic material throughout the plant. During the 
differentiation process, the SE cells undergo a highly regulated partial autolysis, not 
unlike that of the programmed cells death (Esau, 1969; Oparka and Gates, 1981; 
Sjolund, 1997). This autophagic process is highly selective, so the mature sieve tube 
lacks nuclei, vacuoles, Golgi bodies and ribosome (Sjolund, 1997), while the 
filamentous phloem proteins (P-proteins) survive during this process (Cronshaw and 
Esau, 1967; Esau, 1969). The endoplasmic reticulum retained in the mature SE is in a 
highly modified form, termed sieve element reticulum (SER) (Wooding, 1967). The 
mature SEs are composed of the elongated cells, and they joint end-to-end to make up 
of long, tube-like structure, called sieve tube. The plasmodesmata in the cell wall 
connecting the SEs then convert into large opening sieve pores, which are open 
channel that allow transport between cells (Behnke and Sjolund, 1990). This unique 
process provides a pourable pathway for nutrient and signal molecular moving 
through the whole plant body. The transportation rate in the sieve tube is quite fast, 
estimated to be 40 cm/hr (Fisher, 1990), approximately 110 µm/sec at the cellular 
scale. To maintain the amazing rapid speed, the sieve elements develop a high 
hydrostatic pressure, so the cell walls of the sieve elements are modified to keep them 
from bursting. The sieve tube elements are rich in another phloem protein, P-protein, 
which may function to block the pores of injured sieve tubes to prevent excessive 
assimilate loss. P-protein can be trapped on the sieve pore plates, and facilitate the 
deposition of the callose in the sieve pores, which will seal off the damaged sieve 




Surrounding the SEs, there are always one or more CCs, which are connected with the 
SEs by numerous plasmodesmata that penetrate into the cell wall, indicating the 
closed relationship and frequently material exchange between these two cell types. 
The plasmodesmata are always complex and dynamic, and are usually branched on 
the CCs side (Lucas et al., 1993). In contrast to the SEs, the CCs contain many 
cytoplasmic organelles, and most of the energy demand of the sieve cells is supplied 
by the CCs which contain a large number of mitochondria (Ayre and Turgeon, 2004). 
CCs are involved in the phloem loading, and act as intermediates to transfer the 
photosynthesis product in the leaves into the vascular tissue system. CCs also take 
over some important metabolic function, such as the protein synthesis and energy 
generation. In terms of flowering regulation, many critical flowering time regulators 
are biosynthesized and function in the CCs, including GI, CO and FT.  
 
There are three types of CCs in the mature, fully expanding leaves in plant species: 
ordinary companion cells, transfer cells and intermediary cells (Pate and Gunning, 
1972; Turgeon et al., 1993). The intermediary cells with numerous plasmodesmata 
connect to surrounding cells, especially bundle sheath. The transfer cells develop 
some fingerlike wall ingrowths, particular at the side connecting the SEs. In 
Arabidopsis, the type of CCs belongs to the common companion cells. The common 
companion cell has relatively few plasmodesmata connecting with its surrounding 
cells except for their own SE, and there are no wall ingrowths in the common 
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companion cell. As a result, the SEs and its own CCs are relatively symplastically 
isolated from the surrounding cells. The CCs, SE and sieve tube system compose a 
symaplastic unit that is connected by the common plasma membrane. The connected 
channel functions as an osmotic pump to deliver nourishment and signaling molecules 
from the source tissue to the sink tissue. Surrounding the main vein of the leaves and 
the primary vascular bundle of the stem, there is a group of cells, called bundle sheath, 
which is consist of one or more layer of compactly arranged cells. The thick walled 
sclerenchyma cells isolate the vascular tissue from the ground tissue (Kanai and 











Figure 1.4 Structure of the vascular tissues. 
(A) and (B) Schematic drawing of transverse (A) and longitudinal (B) section of a 
vascular bundle. The phloem tissues contain sieve elements, companion cells and 
parenchyma cells. Only sieve elements of the phloem conduct sugars and other 
organic materials throughout the plant. 
(C) Cartoon illustration of plasmodesmata. It spans the cell wall and connects the 












1.4.2 Plasmodesmata, the hole in the cell wall 
 
In plants, the phloem mainly has two functions: loading of assimilations and synthesis 
the products that target to the sieve tubes. Both of these function is required to 
transport through plasmodesmata. Plasmodesmata, act as the intercellular channels, 
provide a connection for the short distance transport, and serve as cytoplasmic bridges. 
They assist the transport of non-cell-autonomous signaling molecules between the 
neighboring cells. Intercellular communication is essential for plant development, 
including organ patterning, cell-type specification and the normal function of 
transcription factors (Lucas and Lee, 2004).  
 
Plasmodesmata contain three major parts: membrane, desmotubule and cytoplasmic 
sleeve (Figure 1.4 C). The membrane forms the boundary of the plasmodesmata 
channel where the transportation occurs. The compressed ER, called the desmotubule, 
runs through the cell wall and connects the neighboring cells. The interspace between 
the membrane and the desmotubule, which is deemed as the major space for the 
transportation, is the cytoplasmic sleeve. Actin and myosin in this region play a role in 
gating plasmodesmata (Ding et al., 1999; Gallagher and Benfey, 2005). 
Plasmodesmata provide multiple routes for macromolecular transport. One is through 
the cytoplasmic sleeve, another one is passing through the plasma membrane, and the 





Through the development of the plants, the plasmodesmata are not static, the 
plasmodesmal number, structure, and the transport capacity at specific cellular 
boundaries are changing all the time, through formation of secondary plasmodesmata 
and the modification of exiting plasmodesmata. The plasmodesmata can be formed 
primarily at cytokinesis, when ER becomes trapped in the newly formed cell wall. 
With the cell wall extension, the primary plasmodesmata could be diluted, and then 
secondary plasmodesmata can be produced across the fusion walls during the 
development of different cell layers, or by branching of primary plasmodesmata. 
 
Morphologically, plasmodesmata can be divided into simple, branched and twinned 
forms. Single plasmodesmata are the single channels that bridge the connecting cells, 
mostly shown in young sink tissue. In contrast, in the mature source tissues after the 
sink to source transition, the secondary plasmodesmata, including the branched (X- 
and Y- shaped) plasmodesmata and twinned plasmodesmata, take a major role, and 
comprise multiple channels through the cell wall. This transformation presents a 
means to increase the capacity of cell-to-cell transport, and some modification on the 
plasmodesmatal channels is added to acquire new functions.  
 
The aperture of plasmodesmata, which defines as the size exclusion limit (SEL), is 
also regulated during the plant development. SEL means the size of largest possible 
transfer molecule that can pass through the plasmodesmata. It is generally accepted 
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that the SEL is gradually downregulated during the development (Heinlein, 2002), 
and the single plasmodesmata in the young leaves usually have larger SEL than the 
secondary plasmodesmata in mature leaves (Oparka et al., 1999). The guard cells, a 
pair of highly specialized cells, are completely symplastic isolated from the 
surrounding cells, due to the downregulation of plasmodesmata trafficking occurs in 
stomatal complexes (Palevitz and Hepler, 1985). Dynamic deposition and hydrolysis 
of callose by β-1.3-synthase and glucanase, present an efficient way to guard the SEL, 
and regulate cell-to-cell movement (Iglesias and Meins Jr, 2000; Levy et al., 2007).  
 
1.4.3 Protein transport across the plasmodesmata 
 
In general, there are two ways for proteins trafficking across the plasmodesmata. 
Cytoplasmic proteins with a molecular weight below the size exclusion limit (SEL) 
pass through plasmodesmata by simple diffusion. During this process, the protein 
moves mostly by simple diffusion, and does not need to interact with any 
plasmodesmata components to increase the SEL. Analysis the SUC2:GFP transgenic 
plants demonstrate the free GFP (27kDa) can traffic through the plasmodesmata from 
CCs to SEs, and further migrate in the vascular tissue. Along with the translocation 
stream, GFP can finally be unloaded simplistically from the phloem into sink tissue, 
and GFP signal can be detected in various sink tissues, including petals, cells of root 
tips, seed coat, and sink leaf mesophyll cells (Imlau et al., 1999). This process seems 
to occur by simple diffusion. While duplication of GFP in tandem obvious influences 
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its free diffusion in the expanding leaves. Movement of GFP is completely blocked by 
addition signals that target to actin or the lumen of ER (Crawford and Zambryski, 
2000). LFY, a plant specific transcription factor, was shown to move by a nontargeted 
mechanism in Arabidopsis (Wu et al., 2003). When LFY (47kDa) is specifically 
expressed in the L1 layer of the SAM, the protein is able to move to other layers and 
can rescue the lfy phenotype.  
 
In the second mode, the movement protein must interact with the plasmodesmatal 
components or associated proteins to increase the SEL for its own transport. The viral 
movement protein (MP) is shown to be targeted movement, and might use the 
endomembrane system to target the plasmodesmata. The pumpkin protein CmPP16-1 
has been reported that it increases the size of mesophyll plasmodesmata to transport 
cellular materials from cell to cell (Xoconostle-Cázares et al., 1999). SHORT-ROOT 
(SHR), a member of GRAS family transcription factor in plant, is a moveable protein 
in Arabidopsis (Helariutta et al., 2000). Unlike LFY, SHR movement appears targeted 
(Gallagher et al., 2004). To facilitate the protein movement, the components of the 
secondary plasmodesmata have some modification, and get some new protein 
trafficking function. Cucumber mosaic virus (CMV) 3a MP:GFP fusion is not targeted 
to primary plasmodesmata in the epidermis of young or mature leaves in 3a MP:GFP 
transgenic tobacco plants. In contrast, when the leaf reaching certain stage, 3a 
MP:GFP is targeted to secondary plasmodesmata and traffics between cells (Itaya et 
al., 1998). Sometimes, large protein is required to undergo partial unfolding for 
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translocation through the plasmodesmata, or the plasmodesmatal complex must make 
the physical rearrangement to enlarge the SEL (Kragler et al., 1998). 
 
1.5 C2 domain protein  
1.5.1 C2 domain 
 
The C2 domain is a Ca
2+
 binding motif of approximately 130 residues, and it is 
originally identified as the second of two conserved domains (C1-2) in the Ca
2+
 
dependent α, β, and γ isoforms of the protein kinase C (Coussens et al., 1986; Knopf 
et al., 1986; Ono et al., 1986a; Ono et al., 1986b). C2 domain containing protein is 
deemed to act in the signal transduction, membrane trafficking processes and some 
other intracellular processes, because it functions as the membrane docking module 
that targets numerous signal proteins to the specific intracellular cell membrane. C2 
domain displays the property of binding diversities of substrates or ligands, including 
Ca
2+
, phospholipids, inositol polyphosphastes, and intracellular proteins (Nalefski and 
Falke, 1996).  
 
The structure of the C2 domain has been firstly determined by the X-ray 
crystallography, and the structure analysis shows that C2 domain contains an 
eight-stranded antiparallel β-sandwich consisting of a pair of four-stranded β-sheet, to 
form two different topological folds, slightly differing in their β-strand connectivity 
(Rizo and Südhof, 1998). The eight β-sheets are connected by the three loops at the 
Literature Review 
51 
top of the domain and four at the bottom (Rizo and Südhof, 1998). Diversities of 
experiments show that fully saturated C2 domain binds at least two Ca
2+
 ions, and the 
binding sites occur exclusively at the top three loops. Ca
2+
 binding does not cause the 
substantial backbone rearrangement, but can induce intra- or inter-domain 
conformational change. The binding region is stabilized after the binding of Ca
2+
, and 
the binding process also causes a major change in the electrostatic potential of some 
C2 domain proteins, which process possibly facilitates the binding with its substrates 
(Nalefski and Falke, 1996; Rizo and Südhof, 1998).  
 
1.5.2 Diverse function of the C2 domain protein 
 
In the animal and yeast, more than 150 C2 domain proteins have been identified, and 
they function in various cellular processes, including signal transduction, membrane 
trafficking, the generation of the lipid-second messengers, and the control of protein 
phosphorylation (Nalefski and Falke, 1996; Nishizuka, 1986; Pallanck, 2003), while 
among the lots of proteins identified, only a few C2 domain proteins have been 
identified in plants.  
 
C2 domain proteins can be generally divided into two groups. In the first group, the 
proteins only have a single copy of the C2 domain, and usually act as the soluble 
signal transduction enzymes, including ubiquitin ligases, kinase, and various 
phospholipases, such as GTPase activating protein (GAP) (Gawler et al., 1995), 
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cytosolic phospholipase A2 (cPLA2) (Clark et al., 1991) and phosphatidylinositol 
3-kinase (Molz et al., 1996). The second group C2 domain proteins contain multiple 
C2 domains, and this group proteins usually function as the membrane trafficking. 
Most of the membrane trafficking proteins are cytosol protein, while the others with 
multiple C2 domains are transmembrane proteins (Cho and Stahelin, 2006; Shin et al., 
2005). Non-transmembrane multiple C2 domain proteins usually contain 2 to 3 
continuously C2 domains, and they function in membrane trafficking (e.g. DOC2, 
Munc13) and cell signaling (e.g. inositolpolyphosphate 4-phosphatase, RASAL) 
(Brose et al., 1995; Catz et al., 2002; Ivetac et al., 2005; Kojima et al., 1996). 
Transmembrane multiple C2 domain proteins are all involved in the membrane 
trafficking. The proteins of this group, including synaptotagmins, ferlins and MCTPs, 
contain 2 to 6 contiguous C2 domains with transmembrane sequence at the N- or C- 
terminus (Bai and Chapman, 2004; Bansal and Campbell, 2004; Shin et al., 2005). It 
is still puzzled that why the membrane trafficking protein contains multiple C2 
domains, and what is the function of the individual C2 domain. Previous data shows 
that the different C2 domain always features conserved sequence difference, which 
means that each C2 domain is functional specialized. Several lines of evidence show 
that multiple C2 domain may function cooperatively than additively (Bai et al., 2002; 
Damer and Creutz, 1994; Earles et al., 2001).  
 
The function role of the C2 domain has been identified to be diverse in different 
signal pathways, including the Ca
2+
 dependent interaction with the protein and the 
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phospholipids, which is the feature function of the C2 domain. Until now, the proteins 
containing the C2 domain comprise the following functions, including: Ca
2+
 sensor in 
regulating vesicular transport, such as synaptotagmin (Earles et al., 2001), 
rabphilin-3A (Geppert et al., 1994), DOC2 (Orita et al., 1995), and UNC-13 (Brose et 
al., 1995); modification of the lipids and generation of the lipid second messengers, 
such as cytosolic phospholipase A2 (cPLA2) (Clark et al., 1995), 
phosphoinositide-specific phospholipase C (PLC) (Berridge and Irvine, 1989), 
phosphatidylinositol 3-kinase (PI3K) (Stephens et al., 1993) and phopholipase D 
(PLD) (Hammond et al., 1995); Protein kinase regulated by Ca
2+
 and/or phospholipids, 
such as protein kinase C (PKC) (Nishizuka, 1992); Regulation of GTPases, such as 





, BCR, ABR and BUD2 (Boguski and McCormick, 1993); 
some of the C2 domain proteins have the low membrane affinity, and they may be 
involved in the Ca
2+
 or phospholipids dependent protein-protein interaction or 
self-association (Fukuda et al., 2001; Shao et al., 1997; Tsuboi and Fukuda, 2005). 
Some of the C2 domain proteins have lost the Ca
2+ 
binding affinity, and just play a 
purely structure role.  
 
1.5.3 Function of C2 domain protein during Arabidopsis development 
 
In plant, an increasing number of genes encoding proteins with C2 domain have been 
identified recently, and limited data shows the C2 domain proteins, which have 
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diversified, functions in various developmental processes, including mRNA and 
protein long distance transport, plant defense response, plant organ growth, membrane 
targeting and signal transduction (Table 1.2). Several plant proteins with C2 domain 
have been predicted to locate in different subcellular compartments (Joachim Kopka, 
1998). Compared with the large number of C2 domain proteins in animals, the 
function of C2 domain in plants is largely unknown. Several characterized C2 domain 
proteins in plant will be discussed in detail in the following sections.  
 
1.5.3.1 Function of C2 domain protein in stress signaling pathway 
 
Wild type Arabidopsis plants maintain a relatively constant size and shape over a 
wide range of different environmental conditions, and this homeostasis requires the 
BONZAI1 (BON1). The bon1 null mutant makes plants miniature at the low 
temperature, but has a wide type appearance in the normal grow condition. The BON1 
gene encodes one of the copines, a protein widely conserved in plants and animals 
(Tomsig and Creutz, 2002). BON1 protein contains 578 amino acid, and is comprised 
of two calcium dependent phospholipid-binding C2 domain (C2A and C2B) at the 
N-terminus and a A domain at the C-terminus (Hua et al., 2001). BON1 is expressed 
mainly in the growing tissues, including expanding leaves, elongating inflorescence 
stems, and the root tips, and its expression level is modulated by the temperature. Leaf 
protoplast transformed with BON1-GFP fusion construct shows that BON1 is a 
plasma membrane localized protein. BON1 is required for normal cell division and 
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expansion at lower temperature, and has an enhanced disease resistance phenotype 
(Hua et al., 2001; Jambunathan and McNellis, 2003). BON1 has two closely related 
paralogs in Arabidopsis, BON2 and BON3. Similar to BON1, BON2 is expressed in 
the growing tissues. In addition, BON2 is also detectable in the guard cells. While, 
most proBON3:GUS transgenic lines have no GUS signals, indicating the extremely 
low expression level. Single loss of function mutant of BON2 and BON3 shows no 
phenotype under standard condition. While both genes enhance bon1-1 phenotype, the 
bon1 bon2 and bon1 bon3 double mutants are seedling lethal at 22C (Yang et al., 
2006b). The copine gene family in Arabidopsis has effect in promoting growth and 
repressing the cell death, possibly through the regulation of PAD1and EDS1, which 
are required for R gene signaling and cell death control (Aarts et al., 1998; 
Glazebrook, 2001).  
 
BAP1 and BAP2 are found to be the BON1 interacting proteins, and they encode 
proteins with C2 like domain at the N-terminus. BAP1 and BAP2 are expressed 
ubiquitously through the plant tissue. Overexpression of BAP1 and BAP2 suppress the 
mutant defects of bon1 mutants, meaning that both gene have a similar function to 
BON1 (Glazebrook, 2001; Yang et al., 2007). The BAP1 and BAP2 genes have 
overlapping functions in suppressing cell death, and loss of function of both BAP1 
and BAP2 confers seedling lethality (Yang et al., 2007). Thus, BAP genes act as 




Freezing tolerance is an important trait for plant living the high latitude. In animal 
cells, the C2 domain containing protein synaptotagmin VII is a calcium sensor, and 
has been proposed to start the membrane resealing process that mediates delivery of 
intracellular membrane to wound sites induced by calcium influx (Andrews, 2005; 
Andrews and Chakrabarti, 2005; Reddy et al., 2001). In Arabidopsis, Arabidopsis 
thaliana Synaptotagmin1 protein (SYT1), the homologs of animal synaptotagmins, is 
essential for the plasma membrane repair. The expression level of SYT1 increases 
rapidly in parallel with acquisition of freezing tolerance during cold acclimation 
(Kawamura and Uemura, 2003). SYT1 is ubiquitously expressed, and is mainly 
located at the plasma membrane (Schapire et al., 2008; Yamazaki et al., 2008). SYT1 
is composed of an N-terminal transmembrane region and two C-terminal C2 domains, 
connecting by a central linker sequence. The C2 domain of SYT1 displays the 
phospholipid binding activities (Schapire et al., 2008). SYT1 loss of function mutant 
and SYT1-RNAi knockdown line in Arabidopsis show a reduction in growth and 
plasma membrane integrity, and lose the Ca
2+
 dependent freezing tolerance (Schapire 
et al., 2008; Yamazaki et al., 2008). Thus, SYT1 plays a key role of membrane sealing 
in freezing tolerance. 
 
1.5.3.2 Function of C2 domain protein in RNA and protein transport 
 
In plants, cell-to-cell communication is mediated by the plasmodesmata, and is 
involved in the non-cell-autonomous protein transport. RNA and protein could move 
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within the phloem, and transport as one of the information component in plant 
superhighway system, to regulate general plant developmental process. Previous data 
has shown that plant virus expressed MP is capable of interacting with plasmodesmata 
to mediate cell-to-cell movement of MP and viral nucleic acid-MP complexes (Lucas, 
2006; Oparka, 2004). Using the polyclonal antibodies raised against the 35KD MP, a 
16KD Cucurbita maxima (pumpkin) phloem protein (CmPP16) was isolated from the 
pumpkin phloem sap (Xoconostle-Cázares et al., 1999). CmPP16 is a C2 domain 
containing protein. Its mRNA is expressed in the phloem tissue, but protein appears to 
be confined to SE. CmPP16 interacts with mesophyll plasmodesmata to induce the 
size exclusion limit. CmPP16 binds both sense and antisense RNA, so, can potentiate 
its own cell-to-cell transport and the trafficking of both sense and antisense RNA 
(Xoconostle-Cázares et al., 1999). To further identify the components in this pathway, 
affinity purification was performed to isolate the CmPP16 interacting protein in a 
plasmodesmata enriched cell wall protein fraction prepared with tobacco BY-2 cell 
(Lee et al., 2003). Nicotiana tabacum NON-CELL-AUTONOMOUS PATHWAY 
PROTEIN1 (NtNCAPP1) is purified and cloned. NtNCAPP1 is located in and on the 
ER membrane at the cell periphery. Dominant genitive mutant of NtNCAPP1 without 
the transmembrane domain block the trafficking of CmPP16 (Lee et al., 2003), 
supporting the concept that the cell-to-cell communication through plasmodesmata is 
in a regulated manner. 
 
In animals, synaptotagmins are calcium sensors that regulate synaptic vesicle 
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exo/endocytosis. Synaptotagmins form a protein complex, and target the synaptic 
vesicle to the plasma membrane. Apart from the role of freezing tolerance, STYA 
(STY1), the synaptotagmin homolog in Arabidopsis, also regulate endosome 
recycling and MP mediated trafficking of plant virus genomes through plasmodesmata 
(Lewis and Lazarowitz, 2010). SYTA is synthesized in the ER, and then transports to 
the plasma membrane via the Golgi (Yamazaki et al., 2010). SYTA directly binds to 
MPCaLCuC and MP SqLCV in vitro. In SYTA knockdown lines, the CaLCuV infection is 
delayed, and MPCaLCuC cell-to-cell movement is inhibited. Two dominant mutants of 
SYTA, including SYTA
∆TM
 that lacking the signal peptide and transmembrane region 
and STYA 
∆C2B
 that lacking the C2B domain, inhibit the endocytosis and the recycling 
of an endosome marker at the plasma membrane, and cell-to-cell trafficking of MPs 
(Lewis and Lazarowitz, 2010). The tandem C2A-C2B domain is critical for SYTA 
membrane targeting. A calcium binding motif of the C2B domain is required for the 
SYTA membrane localization (Yamazaki et al., 2010).  
 
1.5.3.3 Function of C2 domain protein in plant organ growth 
 
Intracellular signaling, including ion, hormone and protein, plays a crucial role in 
plant organ development. A leucine-rich repeat-like kinase STRUBBELIG (SUB), 
regulates floral organ shape, ovule integument morphogenesis, the cell division plane 
and the root hair patterning (Chevalier et al., 2005). SUB acts non-cell autonomously, 
and is involved in a signaling network between the inner cell layers of the primordium 
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that initiate the outer integuments (Yadav et al., 2008). Using forward genetic 
approach, QUIRKY (QKY) was found to regulate outer integument development and 
floral organ shape, possibly in the SUB-dependent processes (Fulton et al., 2009). 
QKY has four C2 domains and transmembrane domains, so it is predicted to have 
same roles with animal multiple C2 domain and transmembrane domain protein 
(MTCP), such as synaptotagmins (Bai and Chapman, 2004) and ferlins (Bansal and 
Campbell, 2004), which are vesicular protein that is involved in the membrane 
trafficking (Shin et al., 2005). The possible role of QKY in vesicle trafficking could 
explain the non-cell-autonomous function of SUB, but further work needs to address 
this exciting hypothesis. 
 
ADP-ribosylation factors (Arfs) participate the intracellular vesicle transport 
processes in yeast, which rely on the action of GTPase-activating proteins (GAPs) 
(Poon et al., 2001; Randazzo and Kahn, 1994). OsAGAP, which encodes a protein 
that similar to ArfGAP in rice, is identified. OsAGAP contains a zinc finger domain 
and a C2 domain. GCS1 and GLO3 are two Arf-GAPs in yeast, and OsAGAP could 
rescue the phenotype of gcs1∆glo3∆ double mutant (Poon et al., 1999), demonstrating 
that OsAGAP could regulate the vesicle transport between ER and Golgi 
compartment. Transgenic Arabidopsis with overexpression of OsAGAP shows 
reduced apical dominance, shorter primary root, increased numbers of adventitious 
and longer lateral roots and the defect in gravitropism, which are the typical effect of 
auxin overproducing (Zhuang et al., 2005). There is a sharp increase of free IAA in 
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OsAGAP transgenic Arabidopsis, suggesting that OsAGAP may be involved in the 
mediation of plant root development by regulation of auxin level. Later research 
found that Overexpression of OsAGAP transgenic plants had the altered vesicle 
trafficking and abnormal localization of auxin influx carrier AUX1, so OsAGAP 
maybe have a role in regulating the vesicle trafficking pathway, and in turn control 
auxin dependent root development (Zhuang et al., 2006).  
 




 ion acts as an important secondary messenger responding to a variety of 
processes in plant development. Transient increase the intracellular concentration of 
Ca
2+
 is the way that plants response to the variety of stimuli (Berridge and Taylor, 
1988). In mammalian cells, the Ca
2+
 releasing is mainly controlled by the PI-turnover 
system. Phosphoinositide-specific phosphoipase C (PI-PLC) is activated by the 
external stimuli, and hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2), which 
generating two secondary messengers inositol 1,4,5-trisphosphate (IP3) and 
diacylglycerol (Kardailsky et al.). Both of the products are the Ca
2+
 releasing 
regulators. PI-PLCs are conserved in the various plant species (Hirayama et al., 1995; 
Kopka et al., 1998; Shi et al., 1995). PI-PLCs contain one C2 domain at the 
C-terminus. The C2 domain regulates the enzyme activities by modulating the 
interacting between the amphipathic region of the enzyme and the plasma membrane 




Apart from the PI-PLC, phospholipase D (PLD) is another crucial plant phospholipids 
metabolism enzyme, which hydrolyzes phospholipids, and generates phosphatidic 
acid (PA) and a hydrophilic alcohol substituent. PLD is a C2 domain protein, and 
widespread protein in the plant kingdom (Wang, 1999). It has been reported that 
different PLD isoforms is presented in Arabidopsis. PLDα is one of the most 
prevalent phospholipid-hydrolyzing enzymes, and plays a role in membrane 
degradation and senescence (Fan et al., 1997). Another isoform AtPLDδ in 
Arabidopsis is involved in PtdOH accumulation in the dehydration stress response 
(Katagiri et al., 2001). In normal growth conditions, AtPLDδ is expressed in the roots, 
leaves, and flowers, but under dehydration stress condition, AtPLDδ expression  
increases in respond to dehydration and high salt stress, and strongly expressed in the 











Table 1.2 Members of C2 domain containing protein in plant development. 
 
Plant Species Gene Name Function Cellular 
Localization 




CmPP16 Mediate the transport of sense and 
antisense RNA into the long-distance 
translocation stream 
Cell periphery, ER, 
plasmodesmata 




NtNCAPP1 Regulate the NCAP delivery to 
plasmodesmata 
Cell periphery, ER, 
plasmodesmata 





-activated membrane fusion; 
Regulate endocytosis; freezing 
tolerance 




(Lewis and Lazarowitz, 
2010; Schapire et al., 
2008; Yamazaki et al., 




ZAC PI-3-P binding protein, regulate of 





(Jensen et al., 2000) 
Oryza sativa OSAGAP Regulate auxin level Unknown  unknown (Zhuang et al., 2005; 
Zhuang et al., 2006) 
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Table 1.2 Members of C2 domain containing protein in plant development, continued 
 
Plant Species Gene Name Function Cellular 
Localization 
Tissue Localization Reference 
Oryza sativa Rpp16   Unknown, possibly mediate the 
transport of protein and RNA 
Soluble fraction of 
a crude extract 
Phloem tissue (Asano et al., 2002) 
Oryza sativa Rpp17 Unknown, possibly mediate the 
transport of protein and RNA 
Insoluble fraction 
of a crude extract 
Phloem tissue (Asano et al., 2002) 
Stress signaling  
Arabidopsis 
thaliana 
BON1 Require the normal plant size at low 
temperature 
Plasma membrane Growing tissue (Hua et al., 2001) 
Arabidopsis 
thaliana 
BON2 Promote growth and repressing cell 
death 
Plasma membrane Growing tissue and 
guard cells 
(Yang et al., 2006b) 
Arabidopsis 
thaliana 
BON3 Promote growth and repressing cell 
death 
Plasma membrane Low expression, not 
detected 
(Yang et al., 2006b) 
Arabidopsis 
thaliana 






(Yang et al., 2006a; 




Table 1.2 Members of C2 domain containing protein in plant development, continued 
 
Plant Species Gene Name Function Cellular 
Localization 
Tissue Localization Reference 
Arabidopsis 
thaliana 
AtCLB Drought and salt tolerance; gravitropic 
response 
Nuclear membrane Ubiquitously 
expressed 
(de Silva et al., 2011) 
Oryza sativa OsERG1a 
OsERG1b 
Defense signal pathway Plasma membrane 
and cytosol 
unknown (Kim et al., 2003) 
Brassica napus 
L. (canola) 
IPG-1 Defense signal pathway Plasma membrane, 
nucleus and cytosol 
unknown (Wang et al., 2009) 
Oryza sativa OsSMCP1 Tolerance to abiotic and biotic stresses Plastids Ubiquitously 
expressed 
(Yokotani et al., 2009) 
Capsicum 
annuum L. cv. 
Bukang 
(pepper) 
SRC2 Resistance against host and non-host 
pathogens and abiotic stresses 
Plasma membrane Root  (Kim et al., 2008) 
Enzyme activity 
Vigna radiata 
L. (mung bean) 
Vr-PLC3 Enzyme activity Plasma membrane Ubiquitously 
expressed 
(Kim et al., 2004) 
Arabidopsis 
thaliana 
AtPLC2 Signal transduction enzyme Cytosol and plasma 
membrane 
Vegetative and floral 
tissue 
(Hirayama et al., 1997; 
Shi et al., 1995) 
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Table 1.2 Members of C2 domain containing protein in plant development, continued 
 
Plant Species Gene Name Function Cellular 
Localization 
Tissue Localization Reference 
Arabidopsis 
thaliana 
PLDα Plant senescence; metabolism enzyme unknown unknown (Fan et al., 1997) 
Arabidopsis 
thaliana 
AtPLDδ Stress signaling; metabolism enzyme unknown roots, leaves, stems 
and flowers: vascular 
tissues of cotyledons 
and leaves under 
dehydration stress 
conditions 
(Katagiri et al., 2001) 
Arabidopsis 
thaliana 
PI3-kinase Synthesizing PI(3)P; signaling 
transduction 
unknown unknown (Kim et al., 2001; 
Welters et al., 1994) 
Plant organ formation 
Petunia  Pet PLC1 Pollen tube growth Apical cytoplasm Pollen and pollen tubes (Dowd et al., 2006) 
Arabidopsis 
thaliana 
QKY Outer integument development, floral 
organ shape, and stem twisting 
Unknown  unknown (Fulton et al., 2009) 
Oryza sativa OsPBP1 Pollen fertility Plasma membrane, 
nucleus and cytosol 
Reproduction tissue, 
root and leaf 
(Yang et al., 2008) 
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1.6 Scope and objectives of study 
 
In Arabidopsis, the floral transition is tightly regulated by the intricate network of 
flowering genetic pathways. The signal perceived then converges on the regulation of 
several floral pathway integrators, including FT, SOC1 and LFY. As one of the 
integrators, FT acts as a mobile substance that moves from phloem companion cells to 
the shoot apex through the vasculature system to induce the floral transition. Although 
scientists have shown that FT protein moved through the phloem tissue to the shoot 
apex, it is so far completely unknown whether and how FT protein transport is 
regulated. It seemed unlikely that simple diffusion could transport FT from leaves 
across the phloem all the way to the shoot apex, and it remains a mystery as to what 
proteins might help FT on its way. Thus, exploring how FT transport in vascular 
system may be critical to unveil the regulatory network of FT, and could provide a 
better understanding of the molecular mechanism of the floral transition. 
 
The main aim of this study was to find the potential FT protein transport regulators. In 
order to achieve the objectives described above, we performed yeast two-hybrid 
screening to identify proteins that interact with FT. A novel endoplasmic reticulum 
(ER) membrane protein, named FTIP1, was isolated. Combined with a series of 
genetic, molecular, biochemical and bioinformatics approaches, we further 




The major objectives of this study are: 
1. To isolate the interacting partners of FT protein. 
2. To characterize the FT interacting proteins. 
3. To elucidate the function of the FTIP1. 
4. To investigate how FTIP1 regulates FT protein transport. 
 
Although independent molecular and genetic works proved that FT transport has been 
compromised in ftip1-1, due to the limitation of structure, bio-imaging and 
biochemistry approach, the mechanism of FTIP1 mediating FT protein movement is 
beyond our reach. Further studies on the FT and FTIP1 protein binding sites and the 
cell organelle that FT protein trapped in ftip1-1 mutants will be conducted to decipher 
FT transport pathway in Arabidopsis. 
 
In FTIP1 family, there are 17 members. Preliminary data shows that they are 
expressed in various tissues, indicating that they are involved in different 
developmental processes. In other species, C2 domain-containing proteins have been 
identified in a growing number of signaling proteins and mediate a broad array of 
intracellular processes, including membrane protein trafficking, lipid metabolism and 
signal transduction. Therefore, FTIP1-like proteins may also be important in 
mediating the transport of macromolecules, and regulate various developmental 
processes. Further investigation of FTIP1 and its homologs might shed light on the 
conserved mechanisms underlying how flowering plants regulate cell-to-cell 
communication to coordinate the growth and development.
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2.1 Plant materials and growth condition 
 
Arabidopsis plants were grown at 22C under long days (16 hr light/8 hr dark) or 
short days (8 hr light/16 hr dark). The mutants ftip1-1, ftip1-2, co-1, gi-1, ft-1 (Ler ft-1 
introgressed into Col), ft-10, tsf-1, soc1-2, agl24-1, fve-3, and svp-41 are in Columbia 
(Col) background, while co-2, fca-1, fpa-1, fve-1 are in Landsberg erecta (Ler) 
background. The ftip1-1 (Salk_017389) and fitp1-2 (Salk_088086) mutants were 
ordered from the Arabidopsis Information Resource Center (ABRC). 
 
2.2 Plasmid construct  
 
2.2.1 Fragment amplification and cloning 
 
To construct 35S:FTIP1, the cDNA encoding FTIP1 was amplified with primers 
FTIP1-EcoRI-F (5’-CCGGAATTCATGGCAGCCAAAGATGGAGCTAAG-3’) and 
FTIP1-XmaI-R (5’-AAACCCGGGTCAAAGCATACAATCTGCTTTTGA-3’). The 
PCR product was digested and cloned into pGreen-35S (Liu et al., 2007). 
 
For the complementation test, a 5.1 kb FTIP1 genomic fragment (gFTIP1) including 
the 2.1 kb upstream sequence, 2.4 kb coding sequence, and 0.6 kb downstream 
sequence was amplified using primers gFTIP1-XmaI-F 
(5’-AAACCCGGGGTCTAAATGCTTTGGTT-3’) and gFTIP1-SpeI-R 
(5’-AAAACTAGTGGTGAGTTCTGTAGGAT-3’). The resulting PCR was digested 
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and cloned into HY105 (Liu et al., 2007). Based on this construct, FTIP1:FTIP1:GFP 
and FTIP1:4HA:FTIP1 were generated using a modified QuikChange Site-Directed 
Mutagenesis approach (Geiser et al., 2001). The cDNA encoding GFP was amplified 
with primer FTIP1-GFP-F (5’-AGTTTGCCTTGAAGGAGGTTACGGAGGT 
GGAAGTAAAGGAGAAGAACTTTTC-3’) and FTIP1-GFP-R (5’-AGAGTTGA 
CTCGTCCATTACATGTCCACCTCCTTTGTATAGTTCATCCATGCC-3’). 4HA 
cDNA was amplified with primer FTIP1-4HA-F (5’-TTGGTTCAAGTAA 
TCTAAAACCATGGGAGGTGGATTCCTGCAGCCCGGGGGATCC-3’) and 
FTIP1-4HA-R (5’-AGCTCCATCTTTGGCTGCCATTCCACCTCCGATTTCAG 
CGAATTCTCTAGA-3’). These PCR fragments were annealed to the methylated 
template plasmid DNA containing gFTIP1 and elongated with the Pfu Turbo DNA 
polymerase (Stratagene). Upon DpnI digestion, the mutated plasmids containing 
either GFP or 4HA were recovered from E.coli transformation. 
 
To construct pGreen-SUC2 and pGreen-KNAT1, SUC2 and KNAT1 promoters were 
amplified from Col genomic DNA using primer pairs SUC2-PstI-F 
(5’-AACTGCAGAAAATCTGGTTTCATATTAATTTCA-3’) and SUC2-XmaI-R 
(5’-CCCCCGGGATTTGACAAACCAAGAAAGTAAGA-3’), and KNAT1-PstI-F 
(5’-AACTGCAGGATCTAGAGCCCTAGGATTTGA-3’) and KNAT1-XmaI-R 
(5’-CCCCCGGGACCCAGATGAGTAAAGATTTGAG-3’) (An et al., 2004), 
respectively. The PCR products were digested and cloned into pHY105 (Liu et al., 
2007). 
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To construct SUC2:FTIP1, the cDNA encoding FTIP1 was amplified with primers 
FTIP1-XmaI-F (5’-CCCCCCGGGATGGCAGCCAAAGATGGAGCTAAG-3’) and 
FTIP1-XmaI-R (5’-CCCCCCGGGTCAAAGCATACAATCTGCTTTTGA-3’), and 
cloned into pGreen-SUC2. Based on SUC2:FTIP1 and 35S:FTIP1, 
SUC2:FTIP1:GFP and 35S:FTIP1:GFP were generated using the same modified 
QuikChange Site-Directed Mutagenesis approach (Geiser et al., 2001) for creating 
FTIP1:FTIP1:GFP. 
 
To construct SUC2:FT and KNAT1:FT, the cDNA encoding FT was amplified with 
primers FT-XmaI-F (5’-CCCCCCGGGATGTCTATAAATATAAGAGA-3’) and 
FT-XbaI-R (5’-TGCTCTAGACTAAAGTCTTCTTCCTCCG-3’). The PCR product 
was digested and cloned into pGreen-SUC2 and pGreen-KNAT1, respectively. Based 
on the constructs of SUC2:FT and KNAT1:FT, SUC2:FT:GFP, SUC2:FT:9myc and 
KNAT1:FT:GFP were generated using the same modified QuikChange Site-Directed 
Mutagenesis approach (Geiser et al., 2001) for creating FTIP1:FTIP1:GFP. The 
cDNA encoding GFP was amplified with primer SUC2FT-GFP-F (5’- 
CTGCGGAGGAAGAAGACTTGGAGGTGGAATGAGTAAAGGAGAAGAACTT-
3’) and SUC2FT-GFP-R (5’-ATTTCAGCGAATTATCTAGATCCACCTCCTT 
ATTTGTATAGTTCATCCATGC-3’). The cDNA encoding 9myc was amplified with 
primers SUC2FT-9myc-F (5’-GGCTGCGGAGGAAGAAGACTTGGG 
ACTAGTGGTGAACAAAAG-3’) and SUC2FT-9myc-R 
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(5’-CCTTATCGGGAAACTACTCAC-3’) using pGreen-35S-9myc as a template (Liu 
et al., 2008). 
 
To construct 35S:FT:RFP, the cDNA encoding RFP was amplified using primers 
RFP-SpeI-F (5’-CGGACTAGTATGGCCTCCTCCGAGGACGTC-3’) and 
RFP-XbaI-R (5’-TGCTCTAGAGGCGCCGGTGGAGTGGCGGC-3’). The PCR 
product was digested and cloned into pGreen-35S to generate pGreen-35S-RFP. The 
cDNA encoding FT was subsequently amplified using primers FT-XmaI-F 
(5’-CCCCCCGGGATGTCTATAAATATAAGAGA-3’) and FT-SpeI-R (5’- 
CGGACTAGTAAGTCTTCTTCCTCCGCAG-3’) and cloned into pGreen-35S-RFP. 
 
To construct FTIP1:GUS, the 2 kb FTIP1 5’ upstream sequence was amplified with 
primers pFTIP1-EcoRI-F (5’-AAAGAATTCGTCTAAATGCTTTGGTTTCGTT-3’) 
and pFTIP1-XmaI-R (5’-CCCCCCGGGGGTTTTAGATTACTTGAACC-3’). The 
PCR product was digested and cloned into pHY107 (Liu et al., 2007). 
 
2.2.2 Heat shock transformation 
 
The frozen stock of the XL1-blue E.coli competent cells were thawed on ice. The 
ligation reactions or the plasmids were piped into the tube and sufficiently mixed by 
gentle tapping the tube. After incubation on ice for 20 min, the tubes were placed in 
the 42C water for 1 min, and then quickly put it on ice for 1 min. After adding 1 ml 
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LB medium, the bacteria were incubated at 37C for 1 hour with gentle shaking. Then, 
the cultures were centrifuged at 3,000 rpm for 3 min. The pellets were suspended with 
50 µm LB medium, and spread on LB agar plate with appropriate antibiotics for 
selection. The LB agar plates were incubated at 37C over night.  
 
2.2.3 Clones verification using PCR 
 
To verify the clones with the inserted DNA in bacterial colonies, single colony was 
suspended in 5 µl sterile water. 1 µl of the bacterial suspension was added to a 
buffered PCR mix reaction containing 0.2 mM dNTP, 1 unit Taq DNA Polymerase, 
0.2 mM of pair of primers: two primers which are specific to the vector or one is 
specific to the insert DNA fragment and the other is specific to the vector. PCR 
products were analyzed on a 1% agarose gel by electrophoresis. The colonies with 
expected PCR products were grown in 37C overnight for plasmid extraction and 
DNA sequencing. 
 
2.2.4 Plasmid DNA extraction 
 
Plasmid DNA was extracted using the High-Speed Plasmid Minikit (Geneaid, Taiwan) 
following the manufacture’s instruction. The overnight cultured bacteria were 
transferred to the 2 ml Eppendorf tube, and centrifuged at the top speed for 1 min. 
After discarding the supernatant, the pellets were suspended in 200 µl PD1 buffer. 
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Then, the cells were further lysed by adding 200 µl PD2 buffer and mixed gently by 
inverting the tube. PD3 buffer was further added and the cells were mixed 
immediately by inverting. The lysate was then centrifuged at the top speed for 3 min, 
and the clear lysate was transferred to a PD column with the collection tube. The 
tubes were centrifuged at top speed and the flow-through was discarded. The PD 
column was sequentially washed with 400 µl W1 buffer and 600 µl washing buffer, 
and further dried by centrifugation at the top speed for 3 min. The plasmid DNA was 
eluted by adding 30 µl elution buffer. After measuring the concentration, the plasmid 
DNA was labeled and stored at -20C. 
 
2.2.5 DNA sequencing and analysis 
 
DNA sequences of the plasmid inserts were determined by BigDye® Terminator v3.1 
CycleSequencing Kit (Applied Biosystems). The sequencing reaction was carried out 
by mixing 100-250 ng plasmid or 10-20ng PCR fragment with 5 µl 2× Big Dye, 2 
pmol primer and sterile water (totally volume 10 µl). Sequencing PCR was performed 
as follows: 25 cycle of denaturation at 96C for 10 sec, annealing at 50C for 5 sec, 
and extension at 60C for 3 min. Sequencing was performed by ABI PRISMTM 377 
DNA sequencer (Applied Biosystems, USA). The sequence obtained was analyzed by 
comparing the sequence in the published database in the BLAST program on National 
Centre for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) or 
Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org/). 
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2.3 Plant transformation 
 
2.3.1 Preparation of Agrobacterium tumefaciens GV3101 companion cell 
 
To prepare the Agrobacterium tumefaciens GV3101 companion cell, single colony of 
A. tumefaciens cells was inoculated into 100 ml liquid culture, and grown overnight at 
28C to OD600~0.6. The culture was then cool on ice, and then centrifuged at 3000 
rpm for 10 min at 4C. The pellet was washed several times using the ice-cold sterile 
water. Finally, the cell pellet was re-suspended using 8 ml sterile water. 50 µl of cell 
suspensions were aliquoted to 1.5 ml tube and quick frozen by liquid nitrogen. The 




A tube of frozen Agrobacterium tumefaciens GV3101 competent cells were thawed on 
ice and topped up to 100 µl with sterile water. 200 ng plasmids were added into the 
tube and mixed sufficiently by gentle tapping. After incubation on ice for 20 min, the 
cells were electroporated in 1 mm Gene Pulser
®
 cuvette (Bio-Rad) using MicroPulser 
Electroporator (Bio-Rad). The electroporated bacteria were then cultured in 1 ml of 
LB medium for 3 hours with shaking at 28C. The cells were further pelleted at 8000 
rpm for 3 min and spread onto the LB agar plate containing 25 μg/ml gentamycin, 10 
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μg/ml tetracycline and 25 μg/ml rifampicin. The plates were incubated at 28C for 2-3 
days. PCR confirmed colonies with the transgene were grown for floral dip. 
 
2.3.3 Floral dip 
 
Agrobacterium-mediated floral dip method was taken according to previous 
publication (Clough and Bent, 1998). The transformed Agrobacteria were cultured in 
50 ml LB medium supplemented with 25 μg/ml gentamycin, 10 μg/ml tetracycline 
and 25 μg/ml rifampicin at 28C until the OD600 value reached ~0.8. The bacteria 
were centrifuged at 3000 rpm for 10 min, and the pellets were re-suspended 
completely in solution containing 5% sucrose and 0.015% Silwet L-77. The flower 
bud of the plants that are ready for transformation were dipped into the 
Agrobacterium cell suspensions for several seconds, after which the transformed 
plants were covered with the black plastic bag overnight to improve the 
transformation efficiency. The plants were grown at the normal condition, and the 
seeds were collected as the T1 generation, which later were used for selection.  
 
2.3.4 Screening the transgenic plants 
 
The transgenic plants with the pGreen vector were grown and screened by spraying 
300 mg/L Basta
®
 (Finale, AgrEvo, USA) after the emergence of the first rosette leaves. 
The survival T1 transgenic plants were genotyped to confirm the plants containing the 
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desired inserted DNA fragment.  
 
2.4 Genotyping  
 
2.4.1 Genomic DNA extraction 
 
To prepare a plant genomic DNA, one part of the plant tissue was cut and grounded in 
the DNA extraction buffer (0.2 M Tris-HCl, pH 9.5; 0.4 M LiCl; 25 mM EDTA and 1% 
SDS (w/v)) in 1.5 ml Eppendorf tube using the micropestle until the solution turned 
into the light green. The tubes were centrifuged at the top speed for 5 min, and the 
clear supernatant was transferred into another tube containing the same volume of 
isopropanol. The samples were mixed by gentle vortex to precipitate DNA, and 
centrifuged at top speed for 10 min. The supernatants were discarded and the pellets 
were washed with 70% ethanol. After centrifugation, the supernatants were discarded, 
and the DNA pellets were dried in the vacuum. Finally, the DNA pellets were 
dissolved in 50 µl sterile water or 1×TE buffer (10 mM Tris pH 8.0; 1 mM EDTA, 
pH 8.0). 
 
2.4.2 Genotyping PCR 
 
PCR based genotyping method was performed to confirm the survival T1 transgenic 
plants containing the desired plasmid. A pair of primers with one specific to the vector 
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and the other specific to the insert fragment was used to amplify the desired PCR 
product using the crude genomic DNA as the template. For identification of the 
T-DNA insertion mutant, the genotyping primers could be designed using the on line 
T-DNA primer design tool (http://signal.salk.edu/tdnaprimers.2.html). The genotyping 
primers for ftip1-1 and ftip1-2 are listed in Table 2.1  
 
Table 2.1 Genotyping primers for ftip1-1 and ftip1-2. 
 







2.5 Expression analysis 
 
2.5.1 RNA extraction and cDNA synthesis 
 
Total RNAs were extracted with FavorPrep
TM
 Plant Total RNA Mini Kit 
(FAVORGEN) according to the manufacturer’s instructions. RNase-free DNase 
(Roche) was used to eliminate genomic DNA contamination. The purified RNAs were 
reverse-transcribed with M-MLV transcriptase system (Promega) according to the 
manufacturer’s instructions. After reverse transcription, cDNA was diluted 3-5 times 
with sterile water, and stored at -20C.  
 
2.5.2 Semi-quantitative RT-PCR 
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For checking the gene expression of FTIP1 in two T-DNA insertion mutant lines 
ftip1-1 and ftip1-2, the reverse-transcribed cDNA and gene-specific primers were used 
for the PCR amplification. TUBULIN2 (TUB2) was amplified as an internal control 
for normalization. The amplified PCR products were viewed on a 1.5% agarose gel by 
electrophoresis. 
 
2.5.3 Quantitative real-time RT-PCR 
 
For quantify the gene expression, quantitative real-time RT-PCR was performed. Each 
reaction containing cDNA sample and a pair of gene specific primers were run in 
triplicate on 7900HT Fast Real-Time PCR system (Applied Biosystems) using the 
Maxima
®
 SYBR Green/ROX qPCR Master Mix (Fermentas). TUB2 was used as an 
internal control. The difference between the cycle threshold (Ct) of the target gene 
and the Ct of TUB2 (∆Ct = Cttarget gene − Cttubulin) was used to obtain the normalized 
expression of target genes, which corresponded to 2−
∆Ct
. Each reaction was performed 
in triplicate in the wells of the 384 plates (Applied Biosystems), which was sealed 
with the Optical adhesive cover (Applied Biosystems). The specificity of the real-time 
primers was examined by checking the plot of dissociation curve. 
 
 
All the primers used for the semi-quantitative RT-PCR and quantitative real time 
RT-PCR are listed in Table 2.2. 
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Table 2.2 Primers used for expression analyses in this study. 
 






AP1-F 5’- CATGGGTGGTCTGTATCAAGAAGAT-3’ 













































Materials and Methods 
82 




For each GUS reporter construct, we checked at least 15 independent transgenic lines. 
A representative line was selected for further analysis. GUS (β-glucuronidase) 
staining was performed as previous described (Sieburth and Meyerowitz, 1997). Plant 
tissues were fixed in 90% ice cold acetone (v/v) for 20-30 min on ice, and then the 
tissues were rinsed three times with the rinse buffer (50 mM sodium phosphate, pH 7.0; 
0.5 mM K3Fe(CN)6; 0.5 mM K4Fe(CN)6). After rinsing, the staining solution, which is 
the rinse solution supplemented with 2 mM X-Gluc substrate, was added. The GUS 
substrate X-Gluc (cyclohexylammonium salt) (Gold Biotechnology) was dissolved in 
N,N-Dimethylformamide to make a stock solution, and kept at -20C without light. 
The samples were infiltrated in the staining solution in a vacuum chamber for 30 min, 
and subsequently incubated at 37C for appropriate time. After staining, the stained 
tissues were washed with series concentration of ethanol to remove the chlorophyll. 
Then, the tissues were immersed in the clearing reagent (7.5 g of gum Arabic; 100 g 
of chloral hydrate; 5 ml of glycerol and 30 ml of water) for observation. 
 
2.6.2 Sectioning  
 
2.6.2.1 Sample preparation 
 
For sectioning, after several steps of ethanol dehydration, the plant tissues were 
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washed over night in 100% ethanol supplemented with eosin for staining the plant 
tissue. Further dehydration was carried out by washing the sample with 100% ethanol 
supplemented with eosin at room temperature as follows: two times 30 min 100% 
ethanol with eosin, and subsequently two times 60 min 100% ethanol with eosin. 
After dehydration, the samples were infiltrated with increasing concentration of 
histoclear as follows: 60 min 25% histoclear with 75% ethanol, 60 min 50% histoclear 
with 50% ethanol, 60 min 75% histoclear with 25% ethanol, two times of 60 min 100% 
histoclear. At last, the samples were immersed in 100% histoclear with 1/4 volume of 
paraplast chips overnight at room temperature without shaking.  
 
After overnight incubation, the samples were placed at 42C. After the paraplast chips 
were completely melted, another 1/4 volume of paraplast chips were added and the 
temperature was increased to 55C for several hours. After all the paraplast chips 
were completely melted, the mixture of histoclear and paraplast was discarded, and 
replaced with the freshly melted paraplast for overnight at 55C. In the following 
three days, wax changes were done twice a day separated by several hours. The well 
embedded plant tissues were placed in plastic containers, and transferred to the room 




The paraplast blocks were secured on the sectioning molds, and the sections were 
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taken on Leica RM2165 microtome. Sections are 8 µm for SAM, and 5 µm for leaf, 
which were arranged on a ProbeOn Plus glass slide (Fisher Biotechnology). After the 
ribbon of tissue was placed on the slide, a few drops of DEPC-treated H2O were 
added to float the ribbon, and made the tissue flattened out. Excessive H2O was then 
removed and the slides were kept on the slide warmer at 42C overnight to adhere the 
tissue to the slide. The sections tissue can be used immediately or be stored with 
desiccant for several weeks at 4C.  
 
2.6.2.3 Washing  
 
Deparaffinize sections were taken to wash the paraplast attached to the slide. The 
slides were placed in the glass container, and deparaffinized with prewarmed 
histoclear twice for 10 min. Then, rehydration of slides was carried out at room 
temperature as following procedures: two times of 100% ethanol for 1 min, 95% 
ethanol for 1 min, 90% ethanol for 1 min, 80% ethanol for 1 min, 60% ethanol for 1 
min, 30% ethanol for 1 min, sterile water for 1 min. After the rehydration, the slides 
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2.7 Yeast two-hybrid assay 
 
2.7.1 Preparation of yeast competent cells 
 
The yeast two-hybrid assay was performed using the Yeastmaker
TM
 Yeast 
Transformation System 2 according to the manufacturer’s instructions (Clontech, 
USA). AH109 yeast strain was used in this yeast two-hybrid assay. One colony of 
fresh grown AH109 strain was inoculated into 50 ml YPDA liquid medium (20 g/L 
Difco peptone; 10 g/L yeast extract; 2% glucose; 0.0003% adenine hemisulfate), and 
incubated at 30C overnight. When OD600 reached 0.15-0.3, the culture was spin 
down at 3000 rpm at room temperature. The pellet was re-suspended with 50 ml 
YPDA (for 12 reactions) until OD600 reaching 0.4-0.8. Then, the cell culture was spin 
down and washed with sterile water, after which the cells were re-suspended with 3 
ml 1.1×TE/LiAc solution (1.1 ml 1M LiAc pH 7.5; 1.1 ml 0.1 M Tris pH 7.5; 10 mM 
EDTA and total up to 10 ml using sterile water). The cell suspensions were split into 
two 1.5 ml tubes and centrifuged at top speed for 1 min. The yeast cells were finally 
suspended in 600 µm 1.1×TE/LiAc solution. 
 
2.7.2 Yeast tranformation 
 
All vectors used in yeast two-hybrid assays, including pGADT7 and pGBKT7, were 
from Clontech. The transformation procedure was taken according to the 




 Yeast Transformation System 2 User Manual. The DNA sequences to 
be examined were cloned into pGADT7 and pGBKT7. The mixture containing 50 µl 
competent cells, AD and BD plasmids, 5 µm denatured Herring Testes Carrier DNA 
and 0.5 ml PEG/LiAC solution (8ml 50% PEG 3350; 1 ml 10×TE buffer; 1 M LiAc) 
was mixed by gentle vortex. The mixture was incubated at 30C for 30 min with 
shaking every 10 min. After adding 20 µl DMSO, the tubes were placed in a 42C 
water bath for 15 min, with shaking every 5 min. The yeast cells were centrifuged at 
top speed, and further washed in 0.9% (w/v) NaCl solution. Finally, the solution was 
dropped on the SD/-Trp/-Leu, SD/-His/-Trp/-Leu, SD/-Ade/-His/-Trp/-Leu agar plates 
(Clontech, USA). The plates were incubated at 30C for 3-4 days.  
 
2.7.3 Yeast two-hybrid screening 
 
Yeast two-hybrid screening was performed to find the putative FT interacting protein. 
The coding sequence of FT was cloned into pGBKT7 to produce BD-FT. To improve 
the screening efficiency, the bait plasmids were firstly transformed into the AH109 
strain. BD-FT plasmids were firstly transformed into AH109 cells as described in 
section 2.7.2, and the cells were grown on the SD/-Trp plate at 30C for 3-4 days. 
Single colony containing BD-FT plasmid was inoculated into SD/-Trp liquid medium, 
and grown until OD600 reaching ~0.8. The yeast competent cells with bait plasmid 
were made based on the described in 2.7.1. For cDNA library transformation, the 
solution containing 10 µg cDNA library (CD4-30 from ABRC), 20 µl denatured 
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Herring Testes Carrier DNA, 600 µl yeast competent cells and 2.5 ml PEG/LiAc was 
mixed thoroughly in the falcon tube by gentle vortexing, and incubated at 30C for 45 
min. DMSO was added later, and the solution was further incubated at 42C water 
bath for 20 min. The cell pellets were harvested by centrifugation at 3000 rpm for 5 
min. After discarding the supernatant, the pellets were re-suspended in 3 ml YPD plus 
liquid medium (Clonetch, USA), and incubated at 30C for 90 min. Subsequently, the 
cells were harvested by centrifugation and washed in 0.9% (w/v) NaCl solution. 10 µl 
of the cell suspension was taken out, and spread over on the SD/-Trp/-Leu plates in 10 
fold, 100 fold and 1000 fold dilution, in order to calculate the transformation 
efficiency. The rest of the cell suspension was spread over on the SD/-His/-Trp/-Leu 
plates supplemented with 30 mM 3-amino-1,2,4-triazole (3-AT), and incubated at 
30C for 6-8 days.  
 
The colonies survived on the plates indicated the interaction between the bait and prey 
proteins. To identify the DNA sequence in the AD plasmid, PCR amplification and 
sequencing were performed. One colony was picked up, and dissolved in the sterile 
water. The cell suspension was frozen in the liquid nitrogen, and thawed using the 
microwave several times, in order to break the yeast cell wall. PCR was later 
performed using 1 µl cell suspension and a pair of primers that specific targeting to 
the vector, pGAD-forward (5’-CTATTCGATGATGAAGATACCCCACCAA 
ACCC-3’) and pGAF-reverse (5’-AGTGAACTTGCGGGGTTTTTCAGTAT 
CTACGAT-3’). The PCR products were viewed by agarose gel electrophoresis. The 
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PCR products with single band were purified. The DNA sequencing and analyzed was 
done based on the description in section 2.2.5.  
 
2.8 In vitro GST pull down 
 
2.8.1 Protein expression in E.coli 
 
The coding sequence of FT was cloned into pGEX-4T-1 vector (Pharmacia), and the 
plasmids were introduced into E. coli Rosetta (DE3) (Novagen). Transformed cells 
were cultured until the OD600nm reached 0.6, and IPTG was added to a final 
concentration of 0.6 mM to start induction. After overnight induction at 16C, the 
cells were collected by centrifugation at 3000 rpm for 5 min at room temperature. 
Cells were collected and homogenized by sonication with lysis buffer (10 mM 
Tris-HCl, pH 8.0; 150 mM NaCl; 1 mM EDTA; 1% Triton-100 and 10 mM PMSF). 
The total soluble proteins in the supernatant were transferred to a new tube, 
subsequently glutathione sepharose beads (Amersham Biosciences) (20 µl for 1 ml 
protein extract) was added into the crude protein extract, and then, incubated for 1 
hour at 4C with gentle shaking. The beads with GST-tagged proteins were collected 
by centrifugation at 3000 rpm for 1 min, and supernatant was discarded. After three 
times washing with cell lysis buffer, the beads can be kept at 4C for several weeks. 
 
2.8.2 In vitro pull down  
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The FTIP1 N-terminal fragment containing the three C2 domains (N501) was cloned 
into pGBKT7 vector (Clontech). The resulting plasmid was added to the TNT T7 
Quick Coupled Transcription/Translation Systems (Promega) to synthesize 
myc-FTIP1 (N501) protein. The resulting fusion protein was then incubated with the 
immobilized GST and GST fusion proteins for 1 hour at 4C. Subsequently, the beads 
were washed three times with IP buffer (50 mM Hepes, pH 7.5; 150 mM KCl; 5 mM 
MgCl2; 10 µM ZnSO4; 1% Triton X-100 and 0.05% SDS). The protein eluted from 
the beads was subsequently used for SDS-PAGE gel electrophoresis and western blot 
analysis.  
 
2.9 Western blot 
 
To perform the western blot, 20 µg protein sample was mixed with 4 µl 6×
SDS-PAGE loading buffer (300 mM Tris-HCl, pH 6.8; 12% SDS; 0.6% bromophenol 
blue; 60% glycerol and 2.7 µl of 1 M beta-mercaptoethanol (fresh added)), and bolted 
in 100C for 5 min, then kept on ice immediately. The denatured protein samples were 
loading into 8 to 12% polyacrylamide gel (depending on the protein size) and 
separated in SDS-PAGE running buffer (20 mM Tris-base; 150 mM glycine and 0.1% 
SDS) at 30 mA. When the proteins were fully separated in the polyacrylamide gel, the 
proteins were electro-transferred to the immune-Blot
TM
 PVDF membrane (Bio-Rad) 
in pre-chilled blotting buffer (20 mM Tris-base; 150 mM glycine; 20% methanol and 
Materials and Methods 
90 
0.1% SDS) at 100V for 1h.  
 
The PVDF membrane was firstly blocked in PBS buffer (1.3M NaCl; 70 mM 
Na2HPO4, pH 7.4) with 5% non-fat dry milk for 1 hour at room temperature. For 
myc-tagged protein, the membrane was incubated with 1:5000 (v/v) anti-myc primary 
antibody in the blocking buffer (5% non-fat dry milk in PBS buffer) for 1 hour at 
room temperature. The membrane was subsequently washed three times with PBST 
buffer (PBS buffer with 0.05% Tween-20) for 10 min each time. Then, the membrane 
was incubated with 1:10000 (v/v) HRP-labeled secondary antibody in PBST buffer 
for 1 hour at room temperature. After three times washing with PBST buffer, the 
membrane was detected using ECL Western Blotting Substrate (Pierce) or together 
with SuperSignal West Pico Chemiluminescent Substrate (Pierce). 
 
2.10 Transient expression of proteins in Nicotiana Benthamiana leaf 
epidermal cells 
 
The overnight Agrobacterium cultures with a desired expression vector 
(35S:FTIP1:GFP, various RFP- or CFP-tagged organelle markers, 35S:FT:RFP, or 
35S:GFP) were harvested and resuspended with infiltration buffer (10 mM MES, pH 
5.6; 10 mM MgCl2 and 100 M acetosyringone) with OD600nm at 0.4. To compare 
protein localization, equal volumes of infiltration solutions containing different 
expression vectors were mixed together and incubated for 3 hours at room 
temperature. Infiltration solutions were infiltrated into the abaxial surface of 
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three-week-old tobacco (Nicotiana benthamiana) leaves with syringes. The leaves 




2.11.1 Tissue fixation 
 
The transgenic plants with a desired expression vector SUC2:FT:GFP were first fixed 
for further observation. Paraformaldehyde solution was used as the fixative solution. 
The solution was prepared as follows: Paraformaldehyde was added to the preheated 
PBS solution, the pH of which was adjusted to 11.0 using saturated NaOH, to make 
the final concentration of 4% (w/v). After cooling on ice, the pH of the solution was 
adjust back to 7.0 using H2SO4 and kept on ice. 
 
The freshly collecting plant materials were immersed into the ice cold fixative 
solution in a glass container. The plant tissues were placed on ice and vaccum was 
applied for around 30 min until all the plant tissues were started to sink. The fixative 
solution was replaced with the fresh one and the samples were kept at 4C for 
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After the sample fixation overnight, the sample was incubated at room temperature 
for 1 hour with gentle rotation. Then, the sample was washed with PBS buffer four 
times for 20 min each time. After that, a serial PFA/sucrose change was applied till 
the tissues were finally equilibrated in PFA with 30% sucrose overnight. Plant tissues 
were then placed onto the microtome tissue holder with the help of Tissue Tek O.C.T. 
compound, and flash frozen with liquid nitrogen. The sections for cryosection were 20 
µm tick, which were made on Leica Sliding Microtome (Leica CM 3050S) at -25C. 
The section samples were placed on ProbeOn Plus slides (Fisher Biotechnology, USA) 
and dried up on 42C heating plate for 2 hours. The slides were mounted with PBS 
solution and examined under confocal microscope.  
 




The samples were fixed and sectioned as described in section 2.11.1. After overnight 
drying, the sections of interest were enclosed with wax, to make a small container for 
reaction. Then, the slides were dehydrated with 100 mM Tris pH 8, 50 mM EDTA 
with gentle shaking for 2 min, twice, and followed by proteinase K (1 µg/ml) 
treatment in 100 mM Tris pH 8, 50 mM EDTA at room temperature for 10 min. The 
proteinase K reaction was terminated by washing in 2 mg/ml glycine dissolved in 
PBS solution for 4 min at room temperature, followed by PBS washing at room 
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temperature 2 min, twice. Chlorophyll molecules were subsequently removed by 
incubating the slides with 1:1 acetone/methanol mixture twice for 5 min. After drying, 
the slides could be stored at 4C or proceed directly.  
 
2.12.2 Antibody incubation 
 
After drying, slides were rehydrated with PBS and finally treated with 4% 
paraformaldehyde for 10 min followed by washing with PBS solution. In situ 
Proximity Ligation Assay (PLA) was performed with Duolink
®
 kit (Olink Bioscience) 
with minor modifications. Estimate the area of the interested section on the slides, and 
40 µl reaction solution is required for every 1 cm
2
. The plant tissues were firstly 
blocked with blocking solution (2.0% Bovine Serum Albumin (BSA); 100 mM Tris, 
pH 7.5; 150 mM NaCl; 0.3% Triton X-100) at 37C for 45 min, and were probed with 
the mixture of anti-GFP and anti-HA antibodies diluted in the blocking solution (1:60) 
for 45 min at 37C. The slides were washed three times with Wash buffer A (8.8 g 
NaCl; 1.2 g Tris base; 0.5 ml Tween-20, pH 7.4 and total up to 1 L using sterile water) 
and probed with 1:5 (v/v) PLUS and MINUS PLA probes in blocking solution for 1 h 
at 37C, and subsequently washed 5 times. The slides were further washed three times 
with Wash Buffer A at room temperature with gentle shaking. 
 
2.12.3 Ligation and amplification 
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The slides were incubated with the ligation solution (1:5 (v/v) ligation stock; 1:40 (v/v) 
ligase) at 37C for 30 min, and sequentially washed with Wash Buffer A for 5 min 
twice at room temperature. The slides were further incubated with the 
amplification-polymerase solution (1:5 (v/v) amplification stock, 1:80 (v/v) 
polymerase) at 37C for 100 min. After washing with the Wash Buffer B (5.84 g NaCl; 
24.24 g Tris base, pH 7.5, and total up to 1 L using sterile water), the slides were 
mounted with PBS solution for further observation. 
 
2.13 Immunogold Transmission Electron Microscopy 
 
Samples were fixed with paraformaldehyde-glutaraldehyde solution (2% and 2.5%, 
respectively) and imbedded with LR white medium (EMS). Ultra-thin sections (85 nm) 
were cut and mounted on nickel grids. The grids were blocked with 1% BSA in TTBS 
(20 mM Tris; 500 mM NaCl and 0.05% Tween-20, pH 7.5) for 30 min and 
subsequently incubated with anti-HA or anti-myc antibody at 1:5 (v/v) for 1 hour at 
room temperature. The grids were washed with TTBS for three times and further 
incubated with 15 nm gold-conjugated goat anti-mouse antibody (EMS) that was 
diluted 1:20 with blocking solution. After 40 min of incubation, the grids were 
washed with TTBS for three times and with distilled water twice. Tissue staining was 
performed with 2% uranyl acetate for 15 min at room temperature, and pictures were 
taken by transmission electron microscope (Jeol JEM-1230). 
 
For quantitative analysis of immunogold labeling, micrographs of randomly 
photographed immunogold-labeled transverse sections of the first rosette leaves of 
15-day-old seedlings with various genetic backgrounds were measured as previously 
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reported (Zechmann et al., 2006). The data were presented as the mean number of 
gold particles per µm
2
 plus or minus standard deviation. The projected cell area was 
measured by a LI-3100C area meter (Li-Cor). We analyzed 56 individual sections 
from 8 different leaves of each genotype for calculating the density of gold particles 
over the projected cell area. Statistical analysis was performed using a two-tailed 
unpaired Student’s t-test. Two-tailed test results were considered statistically 


























3.1 Identification of FT interacting partners 
 
To understand how FT function is regulated during the flowering transition, we 
performed yeast two-hybrid screening to identify proteins that interact with FT. The 
full-length cDNA region of FT was cloned into the pGBKT7 vector, and resulting 
construct was used as bait to screening a cDNA library derived from Arabidopsis 
inflorescence including young flower buds (CD4-30 from ABRC).  
 
The first step was to test whether the BD-FT protein can activate the reporter genes in 
the absence of the interacting protein, however, the BD-FT showed minor auto 
activation potential. In the yeast system, the reporter gene HIS3 encodes a key 
enzyme in histidine synthesis. 3-AT, as a competitive inhibitor of the HIS3 gene 
product, can specifically inhibit this enzyme activity (Mori et al., 1995). So the 
screening sensitivity can be controlled by changing the 3-AT concentration on the 
medium, to vary the dependency of the yeast cells on their reporter gene. We 
re-suspended the yeast clone and grew each yeast culture on the medium containing 
an increasing concentration of the 3-AT. Finally, we found 30 mM 3-AT is the suitable 
conditions to perform the screening, and could totally prevent the appearance of false 
positives effect caused by the auto-activation of the reporter gene HIS.  
 
Using selected conditions, yeast two-hybrid screening was performed. Approximately 
3 million yeast transformants were screened and 66 colonies were identified on the 
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histidine selection medium with 30 mM 3-AT. The DNA sequence fused with AD in 
each colony was amplified by the PCR using the primer flanking the cDNA insertion 
sites, and then the PCR products were analyzed by sequencing. Alignment of the 
obtained sequence in Arabidopsis Information Resource (TAIR) website reveals the 
gene which the partial sequence belongs to.  
 

















Table 3.1 List of potential FT-interacting proteins isolated from the yeast 
two-hybrid screening.  
 




Locus Identifier Annotation 
AT1G06850 AtbZIP52 (Arabidopsis thaliana basic leucine zipper 52) 
AT1G20960 EMB1507 (Embryo Defective 1507) 
AT1G22300 GRF10 (General regulatory factor 10) 
AT1G26480 GRF12 (General regulatory factor 12) 
AT5G38480 GRF3 (General regulatory factor 3) 
AT1G78300 GRF2 (General regulatory factor 2) 
AT1G61520 LHCA3 (Photosystem I light harvesting complex gene 3) 
AT1G58100 TCP8 (TCP family transcription factor) 
AT1G69690 TCP15 (TCP family transcription factor) 
AT1G72010 Putative TCP family transcription factor 
AT1G75240 ATHB33 (Arabidopsis thaliana homeobox protein 33) 
AT3G04810 AtNek2 (NIMA-related serine/threonine kinase) 
AT1G80920 J8 (DnaJ heat shock protein) 
AT3G44110 ATJ3 (DnaJ heat shock protein) 
AT5G06850 FTIP1 (C2 domain-containing protein) 
AT5G01800 Saposin B domain-containing protein 
AT4G34000 ABF3/DPBF5 (Abscisic acid responsive element-binding 
factor 3) 




The screening uncovered some 14-3-3 genes, which have been shown to interact with 
Hd3a in rice in yeast two-hybrid assay, suggesting the screening result was reliable. 
Hd3a protein biosynthesizes in the leaves companion cells, and then transports to the 
cytoplasm of shoot apex cells (Tamaki et al., 2007; Taoka et al., 2011). The 
Hd3a/14-3-3 complex then enters into the nucleus and interacts with FD. The 
resulting florigen activation complex binds to DNA and induces the transcription of 
floral meristem identity genes. It was also shown that GF14c, one isoform of 14-3-3 
protein, could interact with Hd3a. GF14c overexpression line in rice exhibited 
delayed flowering and the knockdown lines exhibited early flowering, which indicate 
GF14c acts as a negative regulator of flowering via interacting with Hd3a (Purwestri 
et al., 2009).  
 
Moreover, in the screening list, a partial sequence belonging to an unknown protein 
with three C2 domains and one phosphoribosyltransferase C-terminal domain (PRT_C) 
was isolated (Figure 3.1A). The corresponding gene (At5g06850) was therefore 
named FT-INTERACTING PROTEIN 1 (FTIP1). We further cloned the truncated 
FTIP1 protein devoid of the transmembrane region of the PRT_C domain, and 
confirmed its interaction with FT by yeast two-hybrid assay, whereas no interaction 
was detected using the full-length FTIP1 (Figure 3.2). FTIP1 has multiple C2 domains 
and transmembrane domains, and it was predicted to have similar topology structure 
with animal MTCP, which is usually vesicular protein that is involved in the 
membrane trafficking. C2 domain has been identified in growing number of 
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eukaryotic proteins which is involved in the signal transduction and membrane 
trafficking. Sequence comparison revealed that FTIP1 is highly conserved in the 
angiosperms, such as rice (Oryza sativa), maize (Zea may), legume (Medicago 
truncatula), black cottonwood (Populus trichocarpa), and grass (Brachypodium 









Figure 3.1 Bioinformatic analysis of FTIP1 protein sequence. 
(A) Schematic drawing of the FTIP1 protein. Three C2 domains and the PRT_C 
domain are shown as red and blue boxes, respectively. FTIP1 N-terminus (FTIP1 
N501) was identified from the yeast two-hybrid screening using FT as bait.  
(B) Topology prediction of the transmembrane region in FTIP1 using the TopPred 










Figure 3.2 FTIP1 was isolated as a FT-interacting protein in the yeast two-hybrid 
screening.  
(A) Yeast two-hybrid assay of interaction between FT and the N-terminal region of 
FTIP1 (aa 1–501; N501), which contains three C2 domains. Yeast cells were grown 
on SD-His/-Trp/-Leu medium supplemented with 30 mM 3-AT. No interaction was 
detected between the full-length FTIP1 and FT.  





3.2 FTIP1 regulates flowering time under LDs 
 
To investigate the biological function of FTIP1, we isolated two T-DNA insertional 
alleles, ftip1-1 (Salk_013179) and ftip1-2 (Salk_088086), from Arabidopsis 
Biological Resource Center (Figure 3.3 A). The full-length FTIP1 transcript was 
undetectable in either homozygous mutant (Figure 3.3B). Both ftip1-1 and ftip1-2 
flowered late under LDs, but not under short days (SDs) (Figure 3.3C,D; Table 3.2), 
suggesting that FTIP1 plays a role in mediating the effect of photoperiod on flowering. 
We transformed ftip1-1 with a genomic construct (gFTIP1) harboring a 5.1 kb FTIP1 
genomic region including 2.1 kb of the upstream sequence, the 2.4 kb coding 
sequence, and 0.6 kb of the downstream sequence (Figure 3.4A). Most ftip1-1 gFTIP1 
T1 transformants exhibited similar or slightly late flowering time as compared to wild 
type plants (Figure 3.4B), demonstrating that FTIP1 is responsible for promoting 











Figure 3.3 FTIP1 promotes flowering under LDs.  
(A) Schematic diagram showing the FTIP1 coding region and T-DNA insertion 
mutants. Exons and introns are indicated by black and white boxes, respectively. Two 
T-DNA insertion lines, ftip1-1 and ftip1-2, were obtained from Arabidopsis Biological 
Resource Center.  
(B) FTIP1 expression is undetectable in ftip1-1 or ftip1-2 by semi-quantitative PCR 
using the primers flanking T-DNA insertion sites (Table 2.1).  
(C) ftip1-1 and ftip1-2 show later flowering than wild type plants at 35 days after 
germination under LDs.  















Figure 3.4 FTIP1 genomic fragment was able to rescue the late-flowering 
phenotype of ftip1-1. 
(A) Schematic diagram of gFTIP1 construct. A 5.1 kb FTIP1 genomic fragment 
(gFTIP1) including the 2.1 kb upstream sequence, 2.4 kb coding sequence (CDS), and 
0.6 kb downstream sequence. 
(B) Distribution of flowering time in T1 transgenic plants carrying the FTIP1 











3.3  Gene expression and subcellular localization of FTIP1 
 
We tested FTIP1 expression in various tissues of wild type plants using quantitative 
real-time PCR and found its highest expression in leaves and stems (Figure 3.5). To 
examine the detailed expression pattern of FTIP1, we generated a 
FTIP1:β-glucuronidase (GUS) reporter construct in which the same 2.1 kb FTIP1 
upstream sequence included in gFTIP1 for the gene complementation test was fused 
to the GUS reporter gene (Figure 3.6 A). We created 23 independent FTIP1:GUS lines, 
most of which showed similar GUS staining patterns. A representative line was 
selected to monitor the detailed expression pattern of FTIP1. FTIP1:GUS showed 
specific GUS staining in vascular tissues of various plant organs (Figure 3.7). Notably, 
in developing seedlings during the floral transition occurring 7 days after germination, 
FTIP1:GUS and FT:GUS (Takada and Goto, 2003) shared similar GUS staining 
patterns in vascular tissues of cotyledons and rosette leaves, although the former had a 
relatively broad and intensive staining pattern (Figure 3.6B). A cross-section of a 
primary leaf vein revealed that FTIP1:GUS expression was specifically located in the 
phloem including companion cells (Figure 3.6C), which is similar to the FT:GUS 
expression pattern (Takada and Goto, 2003). Neither FTIP1:GUS nor FT:GUS was 
expressed in the SAM (Figure 3.6D,E; 3.7B) (Takada and Goto, 2003). Furthermore, 
the late-flowering phenotype of ftip1-1 was rescued by the expression of FTIP1 
coding sequence driven by the promoter of SUCROSE TRANSPORTER 2 (SUC2) 
(Figure 3.8), which is active specifically in phloem companion cells (Imlau et al., 












Figure 3.5 Quantitative real-time PCR analysis of FTIP1 expression in various 
tissues of wild type plants.  
Plant tissues were collected from 40-day-old wild type plants. Results were 
normalized against the expression of TUB2 based on three biological replicates. Error 









Figure 3.6 FTIP1 is expressed in vascular tissues. 
(A) To examine the detailed expression pattern of FTIP1, we generated the construct 
FTIP1:GUS, in which the same 2.1 kb FTIP1 upstream sequence included in gFTIP1 
for the gene complementation test was fused to the GUS reporter gene. 
(B) Comparison of GUS staining of FTIP1:GUS and FT:GUS grown under LDs for 7 
to 11 days. 
(C) Cross section of the primary vein of the first rosette leaf from an 11-day-old 
FTIP1:GUS seedling. Ph, phloem; Xy, xylem; SE, sieve element; CC, companion cell. 
Bar, 50 μm. 
(D) Longitudinal section through an 11-day-old FTIP1:GUS seedling. Bar, 100 μm. 
(E) A higher magnification of the area within the box indicated in (C). Asterisk 















Figure 3.7 GUS staining of various tissues of FTIP1:GUS. 
(A) A 3-day-old seedling. (B) The shoot apex of a 3-day-old seedling. Asterisk 
indicates the shoot apical meristem. (C) An inflorescence apex. (D) A cauline leaf 
with an auxiliary shoot. (E) A cross section of an inflorescence stem. (F) An open 


































Figure 3.8 Flowering time of various transgenic plants grown under LDs. 






Next, we examined the subcellular localization of FTIP1 through monitoring the 
signal of the green fluorescent protein (GFP) fused with FTIP1 under the control of 
FTIP1 or SUC2 promoter, respectively. Both constructs could rescue the late 
flowering phenotype of ftip1-1 (Figure 3.8). However, we could not detect fluorescent 
signal from either SUC2:FTIP1:GFP ftip1-1 or FTIP1:FTIP1:GFP ftip1-1 transgenic 
lines, indicating that FTIP1 protein might be present at very low abundance in plant 
cells. Alternatively, we transiently expressed 35S:FTIP1:GFP with various 
fluorescent protein-tagged organelle markers in N. benthamiana leaf epidermal cells 
and found that FTIP1:GFP was mostly colocalized with an endoplasmic reticulum 
(ER) marker (Figure 3.9; 3.10; 3.11) (Nelson et al., 2007). We did not observe 
FTIP1:GFP signals in the nucleus (Figure 3.11). Notably, at the cell wall, FTIP1:GFP 
colocalized with callose deposition stained with aniline blue, which marks the 
position of plasmodesmata (Figure 3.11).  
 
To precisely localize FTIP1, we performed immunoelectron microscopy on an 
FTIP1:4HA:FTIP1 ftip1-1 transgenic line, in which FTIP1:4HA:FTIP1 was able to 
rescue the flowering defect of ftip1-1 (Figure 3.8). The result revealed that 
4HA:FTIP1 was specifically localized in phloem companion cells (Figure 3.12A) and 
plasmodesmata between companion cells and sieve elements (Figure 3.12B,C; 3.13; 

















Figure 3.9 Subcellular localization of FTIP1:GFP and free GFP in N. 
benthamiana leaf epidermal cells. 





















Figure 3.10 Subcellular colocalization of FTIP1:GFP and the ER marker in N. 
benthamiana leaf epidermal cells.  

















Figure 3.11 Both FTIP1:GFP and callose are enriched in the same regions at the 
cell wall.  
Arrowheads indicate the callose enriched regions. GFP, GFP fluorescence; ER-RFP, 
RFP fluorescence of an ER marker (Nelson et al., 2007); Merge, merge of GFP and 







Figure 3.12 Analysis of 4HA:FTIP1 localization in CC-SE complexes in the first 
rosette leaves of 15-day-old FTIP1:4HA:FTIP1 ftip1-1 by immunogold electron 
microscopy. 
(A) 4HA:FTIP1 is localized in the phloem companion cell. Arrowheads indicate the 
locations of gold particles. 
(B,C) 4HA:FTIP1 is localized in the plasmodesma that connects a CC with a SE in 
two continuous sections. Arrowheads in insets show the location of gold particles in 
enlarged PD regions. SE, sieve element; CC, companion cell; PD, plasmodesma.  



















Figure 3.13 Quantification results for measuring 4HA:FTIP1 localization by 
immunogold electron microscopy. 
(A) Western blot analysis showing that the 4HA:FTIP1 protein is intact. As the crude 
extract did not generate any signal, the sample was enriched with anti-HA agarose 
conjugate and used for SDS-PAGE analysis. The membrane was probed with anti-HA 
antibody. Lane 1, wild type seedlings; Lane 2, FTIP1:4HA:FTIP1 ftip1-1 seedlings. 
(B-D) Quantitative analysis of immunogold signals revealed by immunogold electron 
microscopy of FTIP1:4HA:FTIP1 ftip1-1 transgenic plants shows that anti-HA 
antibody could specifically recognize 4HA:FTIP1. (B) The quantification of 
4HA:FTIP1 immunogold signals or immunogold background signals in CC and PD of 
FTIP1:4HA:FTIP1 ftip1-1 probed with anti-HA antibody or mouse IgG control. The 
data are presented as the mean number of gold particles per µm
2
 with standard 
deviation. Statistical analysis was performed using a two-tailed unpaired Student’s t 
test. The results are considered statistically significant at p < 0.05. (C and D) the 
frequency histograms of appearance of 4HA:FTIP1 immunogold signals and 
immunogold background signals in FTIP1:4HA:FTIP1 ftip1-1 probed with anti-HA 
antibody and mouse IgG, respectively. Asterisks indicate that in all sections examined 
using IgG control, the number and frequency of PD with gold particles are zero. SE, 







Figure 3.14 Control experiments for measuring 4HA:FTIP1 localization by 
immunogold electron microscopy. 
(A) Immunogold electron microscopy of CC-SE complexes in wild type plants using 
anti-HA antibody. Left panel, a representative CC-SE complex. Middle and right 
panels, higher magnification view of CCs or SEs, respectively. CC, companion cell; 
PD, plasmodesmata; SE, sieve element. Bar: left panel,1 μm; middle and right panels, 
0.5μm. 
(B) Density of immunogold background signals observed in CC and PD of wild type 
plants probed with anti-HA antibody. 
(C) Frequency histogram of appearance of immunogold background signals in CC 
and PD of wild type plants probed with anti-HA antibody in all examined sections. 
Asterisks indicate that in all sections examined using anti-HA antibody, the number 





3.4 FTIP1 expression is not regulated by the known flowering genetic pathways 
 
The flowering time of Arabidopsis is regulated by several internal and external cues 
like photoperiod, temperature, hormone and age. All of these physiological responses 
are classified to distinct flowering pathways regulating the floral transition rate. Given 
that FTIP1 functions in flowering time control, we investigated whether its expression 
is regulated by known flowering genetic pathways. FTIP1 expression was not 
regulated by photoperiod and did not exhibit an obvious circadian rhythm under LDs 
(Figure 3.15; 3.16). Similarly, vernalization treatment and GA treatment did not affect 
FTIP1 expression and the flowering phenotype of ftip1-1 (Figure 3.17; 3.18). In 
addition, FTIP1 expression was also not altered in several mutants tested in known 
flowering genetic pathways (Figure 3.19). These observations imply that flowering 










Figure 3.15 FTIP1 expression is not significantly changed in wild type plants 
grown under LDs and SDs.  
Temporal expression of FTIP1 was determined by the quantitative real-time PCR. 














Figure 3.16 FTIP1 expression levels do not obviously oscillate within a 24-hour 
cycle under LDs.  
FTIP1 expression was determined by the quantitative real-time PCR. 9-day-old wild 
type plants grown under LDs were harvested at 2-hour intervals over a 24-hour period. 
Sampling time was expressed in hours as Zeitgeber time (ZT), which is the number of 







Figure 3.17 FTIP1 is not involved in GA pathways. 
(A) FTIP1 does not respond to GA treatment. Two-week-old plants grown in short 
days conditions was treated by 100 µM GA3 twice a week, samples were collected 1 
week (1w) or 3 weeks (3w) after the commencement of GA application. FTIP1 
expression was determined by the quantitative real-time. Error bars represent SD. 
(B) Flowering time of Wild type and ftip1-1 plants respond to GA treatment. The 








Figure 3.18 FTIP1 is not involved in vernalization pathways. 
(A) FTIP1 does not respond to vernalization treatment. For vernalization treatment, 
seeds were grown on Murashige and Skoog (MS) medium, and treated at 4C under 
low light condition for 6 weeks. The two-week-old seedling which grown under SD 
condition were collected. FTIP1 expression was determined by the quantitative 
real-time. Error bars represent SD. 
(B) Flowering time of Wild type and ftip1-1 plants respond to vernalization treatment. 







Figure 3.19 FTIP1 mRNA expression is not obviously altered in various 
flowering time mutants. 
(A) FTIP1 expression in photoperiod-pathway mutants.  
(B) FTIP1 expression in autonomous-pathway mutants. 
(C) FTIP1 expression in several other flowering time mutants. 
9-day-old wild type and mutant seedlings grown under LDs were harvested for 
expression analysis by quantitative real-time PCR. Results were normalized against 






Figure 3.20 Expression levels of flowering time genes in ftip1-1 mutant. 
(A) Expressions of flowering time genes of FT repressors were determined by 
quantitative real-time PCR in wild type and ftip1-1 seedlings.  
(B) Expressions of flowering time genes from photoperiod pathway were determined 
by quantitative real-time PCR in wild type and ftip1-1 seedlings. 
Plant grown under long days conditions were collected 9 days after germination. 





3.5 FTIP1 interacts with FT in phloem companion cells 
 
Several pieces of evidence, including the initial identification of FTIP1 as an FT 
interacting partner, similar tissue expression pattern of FTIP1 and FT, and similar 
late-flowering phenotype exhibited by ftip1 and ft mutants specifically under long 
days, point to a possible role of FTIP1 in mediating FT function in the control of 
flowering time. Thus, we further carried out a detailed analysis of the interaction 
between FTIP1 and FT. As revealed in our yeast two-hybrid screening, a truncated 
FTIP1 protein devoid of the PRT_C domain interacted with FT in both yeast 
two-hybrid and GST pull-down assays (Figure 3.2;.3.21), whereas no interaction was 
detected using the full-length FTIP1. Since the PRT_C domain of FTIP1 was 
predicted to be a membrane-targeted domain according to a protein topology analysis 
(Figure 3.1B), the full-length FTIP1 protein might not be in the membrane-bound 
state in yeast cells or under in vitro conditions and thus may undergo inappropriate 
folding, which prevents its interaction with FT. Alternatively, in yeast two-hybrid 
assay the full-length FTIP1 protein may be membrane-bound and unable to 
reconstitute a functional transcription factor in the yeast nucleus to drive the reporter 
gene expression. 
 
We transiently expressed 35S:FTIP1:GFP with 35S:FT:RFP in N. benthamiana leaf 
epidermal cells and revealed that both FTIP1:GFP and FT:RFP were colocalized to 
ER connected to the nuclear envelope (Figure 3.22). However, in contrast to 
FTIP1:GFP, FT:RFP was also localized in the nucleus, which is consistent with a 
previous observation (Abe et al., 2005). These results indicate that FTIP1 may not 










Figure 3.21 In vitro pull-down assay of interaction between FT and FTIP1 
(N501) 
Myc-tagged FTIP1 N501 produced by in vitro translation was incubated with 
immobilized GST or GST-FT, respectively. “Input” indicates 5% of myc-labeled 













Figure 3.22 Colocalization of FTIP1:GFP and FT:RFP in N. benthamiana leaf 
epidermal cells.  
GFP, GFP fluorescence; RFP, RFP fluorescence; Merge, merge of GFP and RFP; Nu, 







To test whether and how FT interacts with FTIP1 in vivo, we performed in situ 
Proximity Ligation Assay (PLA) (Soderberg et al., 2006), in which dual recognition 
of target proteins by pairs of affinity probes generates an amplifiable DNA reporter 
molecule that serves as a surrogate marker for interacting proteins, to examine the 
subcellular localization of FT and FTIP1 interaction at single-molecule resolution in 
the leaves of 11-day-old SUC2:FT:GFP; FTIP1:4HA:FTIP1 transgenic plants. PLA 
signals visualized as small red dots were specifically detected in the phloem 
companion cells of SUC2:FT:GFP; FTIP1:4HA:FTIP1, but barely in those transgenic 
plants containing only SUC2:FT:GFP, FTIP1:4HA:FTIP1, or SUC2:GFP; 
FTIP1:4HA:FTIP1 (Figure 3.23; 3.24). This result demonstrates that FT and FTIP1 









Figure 3.23 In situ PLA detection of interaction between FT:GFP and 
4HA:FTIP1 in phloem companion cells of an 11-day-old Arabidopsis leaf. 
Protein-protein interactions are visualized as small red spots indicated by arrows. The 
dotted line indicates the border between phloem and xylem. GFP, GFP fluorescence; 
FR, far red fluorescence; BF, bright field image; Merge, merge of GFP, FR, and BF; 









Figure 3.24 Quantification of in situ PLA data. 
Statistical analysis was performed by counting the number of far red fluorescence 
signals (red spots) in the phloem companion cells that could be identified with the 
GFP signal. (A) The frequency histogram of appearance of red spots found in phloem 
companion cells. The number of sections examined for each genotype is listed above 
the histogram. (B) The average number of red spots per phloem companion cell. 
Statistical analysis was performed using a two-tailed unpaired Student’s t test. The 





3.6 FTIP1 controls the export of FT protein from phloem companion cells to 
sieve elements 
 
The findings on the interaction between FT and FTIP1, and FTIP1 localization to ER 
and plasmodesmata prompted us to hypothesize that FTIP1 may regulate FT export 
from phloem companion cells. To this end, we first examined whether FTIP1 affects 
FT transport to the SAM during the floral transition. We generated a SUC2:FT:GFP 
transgenic line as previously described (Corbesier et al., 2007). As this transgenic 
allele could significantly rescue the late-flowering phenotype of the FT null mutant, 
ft-10 (Table 3.2), we further crossed this SUC2:FT:GFP allele with ftip1-1 and 
35S:FTIP1. Confocal analysis of the distribution of FT:GFP fusion protein revealed 
that in 11-day-old seedlings, which were undergoing the floral transition, FT:GFP was 
clearly detected in the inner cone-like region of the SAM in wild type background, 
but not in ftip1-1 (Figure 3.25). In contrast, the distribution of free GFP protein was 
comparably undetectable in the inner region of the SAM in wild type and ftip1-1 
(Figure 3.26), indicating a specific effect of FTIP1 on FT:GFP distribution in the 
SAM during the floral transition. In agreement with the above observations, 
SUC2:FT:GFP ftip1-1 flowered later than SUC2:FT:GFP (Table 3.2). Since the 
abundance of FT:GFP mRNA and protein in SUC2:FT:GFP was not downregulated in 
ftip1-1 (Figure 3.43; 3.44; 3.45), the difference in FT:GFP distribution in the SAM 
between wild type and ftip1-1 plants suggests a role of FTIP1 in regulating FT 








Figure 3.25 Confocal analysis of FT:GFP protein distribution in the apical region 
of 11-day-old SUC2:FT:GFP seedlings in different genetic backgrounds.  







Figure 3.26 Confocal analysis of free GFP protein distribution in the apical 
region of 11-day-old SUC2:GFP seedlings in different genetic backgrounds.  
Bar, 20 μm. 
Results 
136 
As FTIP1 was expressed in the phloem (Figure 3.6) and its protein was localized in 
phloem companion cells (Figure 3.12; 3.23), we examined whether FTIP1 affects FT 
transport from companion cells to sieve elements in a newly created SUC2:FT:9myc 
line in wild type and ftip1-1 backgrounds using immunoelectron microscopy (Figure 
3.27). This SUC2:FT:9myc transgenic allele substantially rescued the late-flowering 
phenotype of ft-10 (Table 3.2), indicating that FT:9myc retains the biological function 
of endogenous FT protein. Signals corresponding to FT:9myc could be specifically 
detected by anti-myc antibody in the phloem of the transgenic plants harboring 
SUC2:FT:9myc (Figure 3.27; 3.29-3.35). Quantitative analysis of labeling density of 
FT:9myc in companion cell-sieve element complexes showed that although all 
sections from SUC2:FT:9myc and SUC2:FT:9myc ftip1-1 displayed FT:9myc labeling 
in companion cells (Figure 3.28), there was an approximate 3-fold enrichment of 
labeling density in ftip1-1 over wild type background (Figure 3.28A). More 
importantly, we detected FT:9myc labeling in sieve elements in nearly 80% of the 
wild type sections, whereas only 4% of ftip1-1 sections displayed FT:9myc labeling in 
sieve elements (Figure 3.28B). In addition, the labeling density of FT:9myc in sieve 
elements was much higher in wild type than in ftip1-1 (Figure 3.28A). Thus, in the 
absence of FTIP1, FT:9myc accumulated in companion cells and its transport to sieve 
elements was compromised. In agreement with this result, SUC2:FT:9myc ftip1-1 
displayed later flowering than SUC2:FT:9myc (Table 3.2). As ftip1-1 also delayed 
flowering in SUC2:FT and SUC2:GFP:CO where CO directly promotes the 
endogenous FT expression (Table 3.2) (An et al., 2004), it seems that FTIP1 similarly 
affects the promotive effect of untagged FT protein on flowering as other FT fusion 







Figure 3.27 Analysis of FT:9myc distribution in CC-SE complexes in the first 
rosette leaves of 15-day-old SUC2:FT:9myc and SUC2:FT:9myc ftip1-1 seedlings 
by immunogold electron microscopy using anti-myc antibody.  
The left panels show the representative CC-SE complexes, while higher magnification 
views of CCs or SEs are shown in the middle or right panels, respectively. 
Arrowheads indicate the locations of gold particles. SE, sieve element; CC, 










Figure 3.28 Quantification of FT:9myc immunogold signal in CC-SE complex 
using anti-myc antibody. 
(A) The quantification of FT:9myc immunogold signals in CCs and SEs of 
SUC2:FT:9myc (WT background) or SUC2:FT:9myc ftip1-1 (ftip1-1 background). 
The data are presented as the mean number of gold particles per µm
2
 plus or minus 
standard deviation. Statistical analysis was performed using a two-tailed unpaired 
Student’s t test. The results are considered statistically significant at p < 0.05. 
(B) The frequency histogram of appearance of FT:9myc immunogold signals in CCs 
and SEs in all examined sections of SUC2:FT:9myc or SUC2:FT:9myc ftip1-1. 
Asterisks indicate that in all sections examined, the frequency we observed CCs 













Figure 3.29 Western blot analysis of FT:9myc protein.  
Crude extract from seedlings was directed proceeded to SDS-PAGE.The membrane 











Figure 3.30 Analysis of FT:9myc distribution in CC-SE complexes of the phloem 
in the first rosette leaves of 15-day-old SUC2:FT:9myc and SUC2:FT:9myc ftip1-1 
seedlings by immunogold electron microscopy using mouse IgG antibody. 
The left panels show the representative CC-SE complexes from SUC2:FT:9myc and 
SUC2:FT:9myc ftip1-1 including higher magnification views of CCs and SEs in the 
middle and right panels. All tissues examined show similar background signals 
generated by IgG antibody. SE, sieve element; CC, companion cell; Bars: 2 μm in the 






Figure 3.31 Quantification of FT:9myc immunogold signal in CC-SE complexes 
of the phloem in the first rosette leaves of 15-day-old SUC2:FT:9myc and 
SUC2:FT:9myc ftip1-1 seedlings by immunogold electron microscopy using 
mouse IgG antibody. 
(A) The density of immunogold background signals observed in CCs and SEs of 
SUC2:FT:9myc (WT background) and SUC2:FT:9myc ftip1-1 (ftip1-1 background). 
The data are presented as the mean number of immunogold background particles per 
µm
2
 with standard deviation. 
(B) The frequency histogram of appearance of immunogold background signals in 

















Figure 3.32 Analysis of FT:9myc distribution in xylem parenchyma cells of the 
first rosette leaves of 15-day-old SUC2:FT:9myc and SUC2:FT:9myc ftip1-1 
seedlings by immunogold electron microscopy using anti-myc antibody. 
Representative xylem parenchyma cells from SUC2:FT:9myc (Wild type background) 
and SUC2:FT:9myc ftip1-1 (ftip1-1 background). The results show that anti-myc 
antibody does not generate non-specific signal in xylem parenchyma cells. XP, xylem 









Figure 3.33 Quantification of FT:9myc immunogold signal in xylem parenchyma 
cells of the first rosette leaves of 15-day-old SUC2:FT:9myc and SUC2:FT:9myc 
ftip1-1 seedlings by immunogold electron microscopy using anti-myc antibody. 
(A) The density of gold particles observed in xylem parenchyma cells. The data are 
presented as the mean number of gold particles per µm
2
 with standard deviation. 
(B) The frequency histogram of appearance of immunogold signals in xylem 



















Figure 3.34 Analysis of immunogold background signals in CC-SE complexes of 
the phloem in the first rosette leaves of 15-day-old wild type seedlings by 
immunogold electron microscopy using anti-myc antibody.  
A representative CC-SE complex including higher magnification views of CC and SE. 
All tissues examined show similar background signals. SE, sieve element; CC, 








Figure 3.35 Quantification of immunogold background signals in CC-SE 
complexes of the phloem in the first rosette leaves of 15-day-old wild type 
seedlings by immunogold electron microscopy using anti-myc antibody. 
(A) The density of immunogold background signals observed in CCs and SEs of wild 
type plants probed with anti-myc antibody. The data are presented as the mean 
number of gold particles per µm
2
 with standard deviation. 
(B) The frequency histogram of appearance of immunogold background signals in 




















Wild type 9.8 ± 1.0 (8–11) 2.5 ± 0.5 (2–3) 25 
ftip1-1 21.8 ± 1.0 (19–24) 4.2 ± 0.7 (3–5) 20 
ftip1-2 20.2 ± 1.3 (18–23) 4.5 ± 0.7 (3–6) 20 
soc1-2 24.2 ± 1.3 (22–26) 4.6 ± 0.8 (4–6) 16 
soc1-2 ftip1-1 40.8 ± 1.5 (39–43) 8.0 ± 0.9 (7–9) 10 
co-1 18.2 ± 1.3 (16–20) 5.4 ± 0.8 (4–6) 20 
co-1 ftip1-1 34.7 ± 3.7 (29–40) 7.6 ± 0.5 (7–8) 15 
gi-1 48.7 ± 4.2 (44–55) 8.6 ± 1.3 (7–11) 14 
gi-1 ftip1-1 55.3 ± 7.3 (43–64) 10.0 ± 2.2 (8–14) 15 
ft-1 44.3 ± 6.2 (36–54) 8.8 ± 1.3 (7–11) 16 
ft-1 ftip1-1 59.2 ± 2.9 (56–64) 11.8 ± 1.9 (9–14) 14 
ft-10 51.8 ± 3.0 (48–56) 9.8 ± 1.6 (8–12) 15 
ft-10 ftip1-1 60.8 ± 6.0 (52–67) 11.6 ± 2.0 (9–14) 14 
Experiment 2 
Wild type 10.2 ± 1.1 (8–11) 2.3 ± 0.4 (2–3) 20 
ftip1-1 21.6 ± 1.0 (19–24) 4.1 ± 0.7 (3–5) 20 
ftip1-1 gFTIP1 #3 (T3) 10.4 ± 1.1 (9–12) 2.3 ± 0.7 (2–3) 20 
ftip1-1 gFTIP1 #11 (T3) 10.3 ± 1.1 (8–12) 2.4 ± 0.6 (2–3) 20 
SUC2:FTIP1 ftip1-1 11.1 ± 1.6 (9–13) 2.4 ± 0.4 (2–3) 15 
FTIP1:4HA:FTIP1 ftip1-1 11.1 ± 1.8 (9–13) 2.4 ± 0.4 (2–3) 15 
FTIP1:FTIP1:GFP ftip1-1 12.9 ± 1.3 (11–15) 2.8 ± 0.8 (2–4) 15 
SUC2:FTIP1:GFP ftip1-1 13.1 ± 1.6 (11–15) 2.4 ± 0.6 (2–4) 15 
Experiment 3 
Wild type  9.5 ± 1.0 (8–11) 2.6 ± 0.5 (2–3) 20 
ft-10 tsf-1 66.7 ± 4.2 (59–70) 10.0 ± 1.4 (8–12) 15 








Wild type  9.5 ± 1.1 (8–11) 2.5 ± 0.6 (2–3) 20 
ftip1-1 22.5 ± 1.2 (19–24) 3.9 ± 0.9 (3–5) 20 
KNAT1:FT 6.6 ± 0.8 (5–8) 2.2 ± 0.4 (2–3) 25 
KNAT1:FT ftip1-1 6.9 ± 1.0 (5–9) 2.3 ± 0.5 (2–3) 25 
KNAT1:FT:GFP 9.2 ± 0.9 (7–11) 2.5 ± 0.2 (2–3) 25 
KNAT1:FT:GFP ftip1-1 9.5 ± 1.1 (8–11) 2.7 ± 0.4 (2–3) 25 
SUC2:FT:GFP 8.7 ± 0.8 (7–10) 2.8 ± 0.6 (2–4) 30 
SUC2:FT:GFP ft-10 21.5 ± 1.4 (18–25) 4.4 ± 0.7 (3–6) 24 
SUC2:FT:GFP ftip1-1 12.1 ± 0.8 (11–13) 3.3 ± 0.5 (3–4) 30 
SUC2:FT 
c
 3.1 ± 0.4 (2–4) 1.7 ± 0.4 (1–2) 30 
SUC2:FT ftip1-1
 c
 3.7 ± 0.6 (3–5)  1.8 ± 0.5 (1–3) 30 
SUC2:FT ft-10 5.3 ± 0.7 (4–6) 1.9 ± 0.6 (1–2) 30 
SUC2:GFP:CO
d
 4.0 ± 0.4 (3–5) 1.4 ± 0.5 (1–2) 30 
SUC2:GFP:CO ftip1-1
d
 4.8 ± 0.4 (4–6) 1.5 ± 0.5 (1–2) 30 
Experiment 5 
Wild type  10.2 ± 1.0 (8–11) 2.7 ± 0.5 (2–3) 20 
SUC2:FT:9myc 7.5 ± 0.6 (6–9) 2.5 ± 0.5 (2–4) 25 
SUC2:FT:9myc ft-10 20.4 ± 1.3 (18–23) 4.0 ± 0.4 (3–6) 20 
SUC2:FT:9myc ftip1-1 15.2 ± 0.8 (14–17) 4.3 ± 0.6 (3–5) 25 
Experiment 6 
Wild type  10.8 ± 1.2 (8–11) 2.6 ± 0.5 (2–3) 20 
35S:FTIP1 (line 2) 16.2 ± 0.7 (15–18) 3.3 ± 0.5 (3–4) 16 
SUC2:FT:GFP 35S:FTIP1 12.6 ± 2.2 (10–15) 2.4 ± 0.5 (2–3) 13 
 
a. All of the plants are in the same Columbia background and grown under LDs. 
b. Flowering time is presented as average ± standard deviation (range). 




d. The flowering time of SUC2:GFP:CO and SUC2:GFP:CO ftip1-1 is statistically 
different (p = 4.1×10
-11
). Statistical analyses were performed using a two-tailed 






from phloem companion cells to sieve elements, thus affecting FT transport through 
the phloem to the SAM. Consistent with this conclusion, the early-flowering 
phenotype caused by expression of FT or FT:GFP under the control of the KNAT1 
promoter, which is active in the SAM (An et al., 2004), was not affected by ftip1-1 
(Table 3.2).  
 
Unlike other flowering promoters, overexpression of FTIP1 surprisingly caused late 
flowering (Figure 3.38; Table 3.2). Confocal analysis showed that the expression of 
FT:GFP protein in the inner region of the SAMs of 11-day-old seedlings was 
substantially lower in 35S:FTIP1 than in wild type plants (Figure 3.25; 3.26). In the 
primary leaf vein, FT:GFP driven by the SUC2 promoter was exclusively detected in 
phloem companion cells in wild type background, whereas in 35S:FTIP1, the 
distribution of FT:GFP signals was detected in both phloem companion cells and 
xylem parenchyma cells (Figure 3.36). However, the free GFP driven by the SUC2 
promoter remained in phloem companion cells of 35S:FTIP1 as compared to wild 
type plants (Figure 3.37). These observations demonstrate that that ectopic expression 
of FTIP1 specifically deregulates the transport of FT:GFP protein out of the phloem 
system, an effect previously shown for a viral movement protein (Itaya et al., 2002). 
This could compromise the eventual distribution of FT:GFP in the SAM of 
35S:FTIP1 and thus delay flowering. 
 
Plasmodesmal conductivity is regulated by callose turnover, which process is 
regulated by β-1,3-glucan synthase versus glucanase activities. A plasmodesmata 
associated protein, termed AtBG_ppap, is involved in plasmodesmal callose 
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degradation, and functions in the gating of plasmodesmata. To examine whether the 
decreased FT transport is due to the callose deposition around the plasmodesmata, 
SUC2:AtBG_ppap was transformed into ftip1-1 mutant. We found that promoting the 
plasmodesmata conductivity by manipulating the callose deposition on 
plasmodesmata of phloem companion cells did not change the flowering time of ftip1 
mutant (Figure 3.41). This implies that the insufficient FT protein movement in ftip1 
is not due to change of plasmodesmata conductivity, since FTIP1 and FT interact with 











Figure 3.36 Confocal analysis of FT:GFP protein distribution in the primary vein 
of the first rosette leaves from 11-day-old SUC2:FT:GFP seedlings in different 
genetic backgrounds.  
The dotted lines indicate the approximate boarder between xylem and phloem. GFP, 
GFP fluorescence; BF, bright field image; Merge, merge of GFP and BF; Ph, phloem; 



















Figure 3.37 Confocal analysis of free GFP protein distribution in the primary 
vein of the first rosette leaves from 11-day-old SUC2:GFP seedlings in different 
genetic backgrounds.  

















Figure 3.38 Overexpression of FTIP1 causes late flowering. 
Distribution of flowering time in 35S:FTIP1 T1 transgenic plants. Among 28 


















Figure 3.39 Homozygous transgenic plants (T3 generation) of three 
representative 35S:FTIP1 lines consistently show late flowering. 
35S:FTIP1 #1, 35S:FTIP1 #2, and 35S:FTIP1 #3 exhibit weak, moderate, and strong 














Figure 3.40 FTIP1 expression is elevated in 35S:FTIP1 lines.  
The degrees of late flowering in 35S:FTIP1 shown in Figure 3.39 are not related to 
the elevated levels of FTIP1 in 35S:FTIP1 #1, 35S:FTIP1 #2, and 35S:FTIP1 #3. 
9-day-old wild type and transgenic seedlings grown under LDs were harvested for 
expression analysis by quantitative real-time PCR. Results were normalized against 














Figure 3.41 Distribution of flowering time in T1 transgenic plants carrying the 
SUC2:AtBG_ppap in ftip1-1 background. 
The CDS of AtBG_ppap (At5g42100) was cloned and joined with SUC2 promoter. 












3.7 FTIP1 is involved in feedback regulation of FT mRNA expression 
 
During the floral transition, FT interacts with FD in the SAM to promote the 
expression of AP1 and other flowering genes such as SOC1 (Abe et al., 2005; Wigge 
et al., 2005; Yoo et al., 2005). As expected, the expression of these genes was 
downregulated in ftip1-1 in which FT transport is defective (Figure 3.42). Surprisingly, 
FT expression was also downregulated in ftip1-1, whereas the expression of CO, a 
direct upstream activator of FT, was not significantly changed (Figure 3.20B, 3.43). 
In addition to this, the expression of other FT’s regulators were not greatly changed 
either (Figure 3.20A). As FTIP1 protein is not localized in the nucleus, it is unlikely 
that FTIP1 directly controls FT transcription. Because ftip1-1 mutants only displayed 
late flowering phenotype under long-day conditions, we mainly focused on flowering 
time genes interacting with photoperiod pathway. We found, apart from FT, the 
expression levels of other photoperiod pathway genes were not changed (Figure 
3.20B). 
 
To address whether FTIP1 could regulate the stability of FT transcripts, we compared 
the levels of FT transcripts generated from the native and SUC2:FT:GFP transgenic 
loci. Although steady-state levels of native FT expression were downregulated in 
ftip1-1, total FT expression including native FT and transgenic FT:GFP expression 
remained unchanged in SUC2:FT:GFP ftip1-1 (Figure 3.44). In addition, the 
abundance of FT:GFP fusion protein remained unchanged in wild type and ftip1-1 
backgrounds (Figure 3.46). These results suggest that FTIP1 may not be directly 
involved in regulating FT mRNA or protein stability. Meanwhile, we observed 
downregulation of native FT expression in SUC2:FT:GFP (Figure 3.44) and reduced 
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FT:GUS staining in SUC2:FT (Figure 3.45). These results are in agreement with the 
observation in a previous study (Corbesier et al., 2007) implying that an excessive 
accumulation of FT protein in phloem companion cells caused by the SUC2 promoter 
might directly or indirectly result in a reduction in native FT mRNA expression 
through a negative feedback loop. This may explain the observed downregulation of 
native FT expression in ftip1-1, where defective export of FT protein causes 
















Figure 3.42 Expression of AP1, SOC1, and FT is downregulated in ftip1-1.  
9-day-old wild type and ftip1-1 seedlings grown under LDs were harvested for 
expression analysis. Gene expression was determined by quantitative real-time PCR 
and normalized against TUB2 levels. The gene expression in wild type plants is set as 







Figure 3.43 CO and FT expression in ftip1-1 within a 24-hour cycle under LDs. 
(A) CO expression is not significantly changed in ftip1-1 within a 24-hour cycle 
under LDs. 
(B) FT expression is consistently downregulated in ftip1-1 within a 24-hour cycle 
under LDs. 
9-day-old wild type and ftip1-1 seedlings grown under LDs were harvested at 2-hour 
intervals over a 24-hour period for expression analysis. Gene expression was 
determined by quantitative real-time PCR and normalized against TUB2 levels. Error 













Figure 3.44 FTIP1 does not regulate FT mRNA stability. 
(A) Schematic diagrams showing native FT and transgenic SUC2:FT:GFP transcripts. 
The fragments labeled with a, b and c indicate amplicons in real-time PCR analyses 
shown in (B). Fragments a, b, and c were amplified with primers FT-F and FT-R, 
FT(UTR)-F and FT(UTR)-R, and GFP-F1 and GFP-R1 (Table 2.2), respectively. 
(B) Examination of steady-state levels of FT or FT:GFP mRNA in wild type and 
ftip1-1 backgrounds. Amplification of fragment a, which detects the amplicon in both 
native FT and transgenic FT:GFP transcripts, shows that native FT expression is 
downregulated in ftip1-1 versus wild type, whereas total FT expression (including 
minor native FT and major transgenic FT:GFP expression) remains unchanged in 
SUC2:FT:GFP ftip1-1 versus SUC2:FT:GFP. Although the former indicates that 
FTIP1 affects the steady-state levels of native FT expression, the latter implies that 
FTIP1 does not directly affect FT mRNA stability. Amplification of fragment c, which 
only detects the amplicon in transgenic FT:GFP transcripts, further supports that 
FTIP1 does not directly affect FT mRNA stability as transgenic FT:GFP expression is 
not changed in ftip1-1. Amplification of fragment b, which only detects the amplicon 
in native FT transcripts, shows that native FT expression is also downregulated in 
SUC2:FT:GFP transgenic plants. 9-day-old seedlings grown under LDs were 
harvested for expression analysis by quantitative real-time PCR. Results were 
normalized against the expression of TUB2. Asterisks indicate that the expression of 












Figure 3.45 GUS staining of first rosette leaves of 9-day-old FT:GUS (left) and 













Figure 3.46 FTIP1 does not regulate FT protein stability. 
Western blot analysis using anti-GFP antibody shows the comparable abundance of 
FT:GFP protein in wild type and ftip1-1 plants. Ponceau S staining of the membrane 


























4.1 FTIP1 regulates FT protein moving from leaves to the SAM  
 
Our results have demonstrated that FTIP1 and FT share similar mRNA expression 
patterns and subcellular localization, and that they interact in vivo in phloem 
companion cells. During the floral transition, FT:GFP movement to the SAM is 
compromised in ftip1 mutants, which eventually exhibit late flowering under LDs. 
Furthermore, we have shown that FTIP1 is required for FT:9myc export from phloem 
companion cells to sieve elements, thus affecting the flowering time of 
SUC2:FT:9myc. In addition, overexpression of FTIP1 causes the transport of FT:GFP 
out of the phloem system, which also results in late flowering. These observations 
suggest that FT protein moves from leaves to the SAM in a regulated manner and that 
a subtle regulation of FTIP1 activity is indispensable for the export of FT protein from 
phloem companion cells to induce flowering. Promoting the plasmodesmata 
conductivity by manipulating the callose deposition on plasmodesmata of phloem 
companion cells did not rescue the flowering defect of ftip1 mutant (Figure 3.41). 
This implies that the insufficient FT protein movement in ftip1 is not due to change of 
plasmodesmata conductivity, since FTIP1 and FT interact with each other, FTIP1 





4.2 FT transport should be modulated by other relevant regulators 
 
We envisage that in addition to FTIP1 and FT, florigen transport should involve other 
relevant regulators. First, although the transport of FT:9myc protein from phloem 
companion cells to sieve elements in ftip1-1 is significantly compromised, it is not 
completely abolished. This implies either that there is a basal level of diffusion of FT 
protein, or that FT transport also depend on other regulators that share a redundant 
function with FTIP1 in mediating FT export from phloem companion cells. 
Furthermore, previous examination of the spatial distribution of FT:GFP fusion 
protein in both Arabidopsis and rice have shown that FT:GFP accumulates in the rib 
zone beneath the SAM in a conical shape (Corbesier et al., 2007; Tamaki et al., 2007), 
indicating that the movement of FT protein from phloem to the rib zone is not a 
simple diffusion process. As FTIP1 is clearly not expressed in the whole SAM 
(Figures 3.6D;E), regulation of FT protein transport from the phloem stream to the rib 
zone might also involve other regulators. The requirement of other regulators for FT 
protein transport is supported by the genetic analysis showing that ft mutants display 
much later flowering than ftip1 (Table 3.2). Potential candidates for these regulators 
include FTIP1 homologs (Figure 4.1) because some combinations of ftip1 with loss of 
function mutants of FTIP1 homologs show much later flowering than any single 












Figure 4.1 Phylogenetic tree showing FTIP1 homologs and synaptotagmins in 
Arabidopsis.  
The phylogenetic tree was generated based on the protein alignment of FTIP1, its 16 
Arabidopsis homologs, and three Arabidopsis synaptotagmins (SYTA, SYTB and 











Figure 4.2 Loss of function mutants of FTIP1 homologs further enhance ftip1-1 
late flowering phenotype. 
The plants were grown under LDs. FTIP7, AT1G22610; FTIP3, AT1G51570; FTIP4; 
AT3G57880. ftip7-1, Salk_145386; ftip3-1, Salk_089046; ftip4-1, SaiL_755_G08. 







4.3 TSF transport could also be regulated by FTIP1 
 
The late flowering phenotype of ft mutants is further enhanced by ftip1-1 (Table 3.2), 
indicating that FTIP1 may be required for transporting other flowering molecules in 
addition to FT. A potential candidate could be TWIN SISTER OF FT (TSF), which 
encodes another phosphatidylethanolamine-binding protein with very high sequence 
similarity with FT (Jang et al., 2009; Yamaguchi et al., 2005a). Mutation of TSF 
further enhances the late flowering of ft mutants, and the resulting double mutants fail 
to accelerate flowering in response to LD conditions (Jang et al., 2009; Yamaguchi et 
al., 2005a). Furthermore, the expression domain of TSF also overlaps with that of 
FTIP1 (Yamaguchi et al., 2005a). These data support that TSF functions redundantly 
with FT, and could be another molecule whose transport is affected by FTIP1. 
 
4.4 The possible route of FT transport mediated by FTIP1 
 
As both FTIP1 and FT proteins are localized to ER, regulation of FT movement by 
FTIP1 across the border between companion cells and sieve elements might be partly 
mediated by a continuous ER network within plasmodesmata (Fitzgibbon et al.; 
Martens et al., 2006). In plasmodesmata, the ER becomes appressed to form the central 
axial desmotubule surrounded by the plasma membrane continuum between adjacent 
cells (Maule, 2008). Although it has been suggested that the desmotubule is not the 
main route for plasmodesmatal transport, some molecules are known to be transported 
through this channel (Cantrill et al., 1999). In contrast, the space between the 
desmotubule and the plasma membrane, which is referred as the cytoplasmic sleeve, is 
the proposed place where the general trafficking of molecules and ions occurs. Because 
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FTIP1 possesses a membrane-targeted PRT_C domain (Figure 3.1) and is localized to 
plasmodesmata (Figure 3.2), it is likely that the C-terminus of FTIP1 is anchored to the 
desmotubule. How FTIP1 is oriented in plasmodesmata is an important question as its 
N-terminus, which is included in the region that interacts with FT protein (Figure 3.2; 
3.21), might face either the cytoplasmic sleeve or the interior of the desmotubule. 
Further addressing this question will help to identify the route where FT protein passes 
through plasmodesmata and other possible factors involved in FT transport. Based on 
the size of FT:GFP, the route through the cytoplasmic sleeve might be possible for FT 
transport as the current understanding is that molecules larger than 27 kDa do not move 
readily through desmotubule (Martens et al., 2006). 
 
4.5 FTIP1-like proteins may serve as the essential regulators for intracellular 
signals 
 
The presence of C2 domains and a transmembrane domain in FTIP1 and its close 
homologs in Arabidopsis makes them topologically resemble synaptotagmins (Figure 
4.1) that constitute a family of membrane-trafficking proteins widely found in plants 
and animals. In Arabidopsis, the synaptotagmin SYTA has been shown to regulate 
endosome recycling and movement protein-mediated trafficking of plant virus 
genomes through plasmodesmata (Lewis and Lazarowitz, 2010). Our finding on the 
function of FTIP1 in mediating FT export from phloem companion cells to sieve elements, 
together with the proposed SYTA function, implies that synaptotagmin-like proteins 
may serve as essential regulators that mediate the transport of macromolecules in 
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plants. Another FTIP1-like gene, QUIRKY (QKY; At1g74720), has been suggested to 
contribute to plant organ organogenesis mediated by the receptor-like kinase 
STRUBBELIG (Fulton et al., 2009), implying a role of QKY in intercellular signaling. 
As FTIP1-like proteins are highly conserved in the angiosperms (Figure 4.3), further 
investigation of FTIP1 and its homologs might shed light on the conserved 
mechanisms underlying which flowering plants regulate cell-to-cell communication to 










Figure 4.3 Phylogenetic analysis of FTIP1-like proteins in different plant species.  
The phylogenetic tree was constructed with the neighbor-joining algorithm using the 
program MEGA 5.05 based on the alignment of the amino acid sequences of 
FTIP1-like proteins. Each terminal node of the tree is labeled by the two-letter 
abbreviation of the corresponding species name and the unique identifier. Bootstrap 
values (>50%) in 500 replicates are indicated next to the nodes. Zm, Zea mays; Os, 
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